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Embryonic development is a robust process during which embryos must respond 
and compensate for changes in order to achieve consistent patterning; however, there 
are still questions about the limits and mechanisms of this robustness. Using tetraploid 
Xenopus laevis as a model, we have previously shown that embryos respond to 
perturbations of the highly-conserved Notch signaling pathway in a compensatory 
manner. We have now demonstrated that this response involves changes in the 
proliferative status of neural progenitors and differentiated neurons over time. 
Subsequent RNA-seq analysis of Notch perturbed X. laevis embryos revealed that 
homeologs (duplicated genes originating from whole-genome duplication) respond 
differentially to this perturbation, suggesting that the polyploidy of X. laevis may 
contribute to the compensatory abilities. To address this question, we have perturbed 
Notch signaling in X. borealis, a tetraploid species that is closely related to X. laevis, 
and characterized the response over time. Similarly to X. laevis, a compensatory 
response is seen in X. borealis over time based on gene expression in the developing 
nervous system, but embryos appear morphologically deformed throughout 
development. This suggests that X. borealis embryos may be more severely affected by 
this perturbation and do not compensate as well as X. laevis. RNA-seq was performed 
on Notch perturbed X. borealis embryos to quantitatively and globally assess the 
transcriptional response over time. Given that there was previously no reference 
genome or transcriptome for X. borealis, a de novo assembly of the X. borealis 
transcriptome was constructed to allow for further analysis. Using the X. laevis genome 
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as a reference has allowed for comparative analysis of the changes in homeolog 
expression in X. laevis and X. borealis embryos following Notch perturbation. These 
data have revealed differences in the response to Notch perturbation between X. 
borealis and X. laevis, with X. borealis generally having more differentially expressed 
genes when compared to X. laevis under the same condition, again suggesting that X. 
borealis is more severely perturbed and does not compensate as well as X. laevis. To 
validate and compliment these RNA-seq results, it would be ideal to visualize homeolog 
expression in situ; however, given the high degree of sequence homology between 
homeologs, detection of specific homeolog transcripts in situ has presented a challenge 
for traditional methods. Using two new in situ hybridization technologies (Molecular 
Instruments Hybridization Chain Reaction v3.0 and Advanced Cell Diagnostics 
BaseScopeTM assay), we have been able to visualize X. laevis homeolog expression in 
situ with extreme specificity, which will enable spatial analysis of homeolog expression 
and a tool to validate RNA-seq findings. In the future, it will be interesting compare the 
transcriptional response to Notch signaling perturbation across ploidy levels, in addition 
to within multiple tetraploid species as we have already done. To enable this type of 
comparative experiment, we have sequenced and assembled the transcriptome of 
Xenopus andrei, an octoploid frog, representing, to the best of our knowledge, the first 
publicly available assembled transcriptome of an octoploid vertebrate. 
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Chapter 1. Overview of Thesis Research Questions 
 
The development of a normally functioning organism is an exceptionally well-
orchestrated process which relies largely on cascades of transcription factors expressed 
at the correct time and place. However, developing embryos naturally experience a 
volley of perturbations at the genetic level and must somehow compensate for these 
variations. For example, organisms with varied genotypes typically have remarkably 
similar phenotypes due to canalization (Mather, 1953). Canalization refers to the classic 
Waddington concept that embryonic development has been programmed to respond to 
variation by attempting to produce a singular phenotypic outcome (Waddington, 1942). 
Additionally, developmental gene networks are often highly redundant, in order to buffer 
the developing organism from perturbations (Kafri and Pilpel, 2010; Tautz, 1992). While 
many investigators have observed robustness in response to experimentally introduced 
genetic perturbations, the mechanisms regulating this robustness have remained largely 
unknown (El-Brolosy and Stainier, 2017).  
In order to study the effect of a genetic perturbation on embryonic development, 
we chose to investigate perturbations of the Notch signaling pathway. This evolutionary 
ancient pathway is conserved in all metazoans and plays a role in the development and 
specification of nearly all tissues and organ systems (Gazave et al., 2009; Guruharsha 
et al., 2012). Although fundamentally important for development, the Notch signaling 
pathway is relatively simple in function, relying on a ligand-receptor interaction to cause 
proteolytic release the Notch intracellular domain (ICD) which then translocates to the 
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nucleus to interact with a DNA binding protein and co-activator to cause transcriptional 
output (Bray, 2016).  
To enable the ubiquitous utilization of Notch signaling, specific functions of the 
pathway are highly context dependent. In Xenopus, Notch signaling is involved in neural 
development throughout embryogenesis. Early work showed that Notch is expressed in 
presumptive neural tissues and regulates primary neurogenesis through binding of its 
ligand, Delta, which leads to interactions between ICD and Suppressor of Hairless 
(Su(H)) in the nucleus (Chitnis et al., 1995; Coffman et al., 1990, 1993; Ma et al., 1996; 
Wettstein et al., 1997). While this early work elucidated the function of Notch signaling 
during Xenopus development, partially through hyperactivation or impediment of the 
pathway, the effects of the perturbation were not followed through time. To address this, 
we perturbed Notch signaling and then observed the effects over time. We initially 
noticed that embryos demonstrated a compensatory response to this genetic 
perturbation and have begun elucidating the mechanisms underlying this robust 
response. 
 X. laevis presents an intriguing system for studying developmental robustness 
given its allotetraploid genome (Session et al., 2016) and the suggested role of genetic 
redundancy in robustness. Model organisms, such as mice and zebrafish, commonly 
used in studies where robustness in response to genetic perturbation has been studied, 
are diploid, yet they still exhibit redundancy in many key developmental pathways. Even 
in a developing organism with two copies of its genome, much of this observed 
redundancy stems from duplicated genes which code for various aspects of the 
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pathways (Kafri and Pilpel, 2010). This raises the possibility that organisms with higher 
ploidy levels, such as tetraploid or octoploid, may demonstrate greater degrees of 
genetic robustness because these organisms have undergone recent whole-genome 
duplication (WGD), in addition to local gene duplications.  
 WGD has occurred throughout vertebrate evolutionary history, with all 
vertebrates having undergone at least two rounds of WGD (Lundin, 1993; Meyer and 
Schartl, 1999). This has served as a mechanism to increase the genetic material 
present in an organism, allowing for novel gene functions to evolve, as well as a means 
of speciation (MacKintosh and Ferrier, 2017). The homologous genes in a polyploid 
genome have been termed ‘homeologs’; however, homeologs are typically eroded over 
evolutionary time through the process of gene fractionation (Langham et al., 2004; 
Sémon and Wolfe, 2007). The allotetraploid event of X. laevis is estimated to have 
occurred 17-18 million years ago (Mya), presenting a relatively recent polyploidization 
with over half of the duplicated genes retained as homeolog pairs (Session et al., 2016). 
 Given the timing of WGD in X. laevis, it is assumed that most homeologs function 
with some degree redundancy at the protein level. Therefore, the expression of 
individual homeologs should be considered when investigated robustness in 
development because gene duplication has been suggested as a key redundancy 
mechanism in developmental robustness. Using RNA-seq, we observed changes in X. 
laevis homeolog expression in response to Notch perturbation over time. However, the 
observed changes in homeolog expression raised three main questions: 1) whether 
similar changes in homeolog expression will occur in response to Notch perturbation in 
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other tetraploid species; 2) will related species with different ploidy levels (e.g. 
octoploid) respond in a similar manner; and 3) is homeolog expression changing 
spatially, in addition to the changes in expression level detected by RNA-seq. This type 
of comparative analysis between two polyploid vertebrates has never been done before, 
and will shed light on the fundamental question of how homeolog expression is 
regulated in an animal model.     
 The Xenopus genus is uniquely suited for addressing each of these questions. Of 
the 26 known Xenopus species, 25 are polyploid (i.e. tetraploid, octoploid, or 
dodecaploid) and the broad use of X. laevis and X. tropicalis as model organisms has 
produced countless resources for laboratory methods and techniques in X. laevis and 
tropicalis, which could be used, with modifications as necessary, for other Xenopus 
species (Evans et al., 2015; Karimi et al., 2018; Sive et al., 2000). We have focused on 
tetraploid X. borealis because X. borealis and X. laevis arose from speciation following 
a shared allotetraploid event (Session et al., 2016), suggesting that these two species 
may share similar patterns of homeolog retention and loss. To enable future 
experiments in an octoploid species, X. andrei, we have sequenced and assembled the 
X. andrei transcriptome. These species allow for comparative analysis of the response 
to a genetic perturbation over time between related tetraploid species to investigate how 
homeologs respond differentially, and in the future between species of different ploidy 
levels. 
 This thesis addresses how polyploid vertebrate embryos demonstrate robustness 
in response to a genetic perturbation. Using perturbations of the Notch signaling 
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pathway as a model, we have observed similarities and differences in how two 
tetraploid Xenopus species demonstrate compensation following perturbation. Further, 





Chapter 2. Compensatory Response to Notch Signaling Perturbation during 
Development of X. laevis 
[Note: this chapter forms the basis for the manuscript of the same title, which is 
currently in preparation for submission and has the following authors: Mark E. Pownall, 
Molly McDonough, Ryan Huyck, Catherine Bianchi, Claire Tocheny, Andrew D. 
Halleran, Sudip Paudel, and Margaret S. Saha. MEP performed colocalization 
experiments, bilateral injection experiments, remade figures 1 and 2, reviewed all data, 
and wrote all text for this chapter. It is likely that changes will be made to the final 
manuscript prior to submission.]  
 
2.1 Introduction 
Embryonic development is a robust process during which embryos are able to 
respond and compensate for changes in order to achieve consistent patterning; 
however there are still questions about the limits and mechanisms of this robustness 
(Bateson et al., 2014; El-Brolosy and Stainier, 2017; Sultan, 2017; Wu and Belmonte, 
2016; Yang et al., 2018). The complex pathways and gene networks that orchestrate 
embryonic development have been shown to exhibit a high degree of redundancy, 
serving to buffer the systems from perturbations (Kafri and Pilpel, 2010; Tautz, 1992). 
Early embryos demonstrate plasticity through their beginnings as totipotent cells with 
the ability to give rise to every cell type in the organism. However, this remarkable 
plasticity declines over time as embryos develop and the potential of cells becomes 
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limited while cell fates are specified through a combinatorial code of transcription factors 
(Arias et al., 2013). 
While embryos can display a remarkable amount of plasticity, there are typically 
three possible responses to a perturbation: the initial effects of perturbation are 
amplified over time; the initial effects remain the same; or the initial effects are 
ameliorated as the embryo displays a compensatory response. As such, compensation 
to any given perturbation should not necessarily be expected. However, embryos 
experience constant disruptions throughout development in the form of chemical, 
physical, or genetic perturbations, therefore providing more detailed insight into the 
breadth and extent of responses to perturbation.  
Both chemical and physical perturbations have been investigated and show that 
embryos often do not exhibit a compensatory response to these types of perturbations 
(Das et al., 2017; Ducharme et al., 2014; Galea et al., 2017; Huyck et al., 2015; Inoue et 
al., 2016; Vijayraghavan and Davidson, 2016; Wang et al., 2018). However, genetic 
perturbations occur frequently in nature, as organisms with various genotypes obtain 
remarkably consistent developmental outcomes through canalization (Mather, 1953), 
and provide a unique model to understand compensatory responses. For example, 
some humans can demonstrate remarkable resilience to a suite of genetic variants that 
typically cause disease (Chen et al., 2016), and recent high-throughput investigations in 
mice have identified only a few hundred genes essential for embryonic development, 
suggesting that developing mouse embryos are able to compensate for knockouts of 
many genes (Dickinson et al., 2016). Indeed, studies in mice, zebrafish, and 
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Arabidopsis have shown that experimentally induced genetic perturbations can result in 
compensatory responses (El-Brolosy and Stainier, 2017).  
However, the results of various loss-of-function experiments have been shown to 
vary depending on the particular method and model system used (Housden et al., 
2016). To investigate how embryos respond to genetic perturbation, we chose to utilize 
the system of Notch signaling perturbation because of the simplicity in its design yet it 
remains a complex and versatile pathway employed throughout embryonic development 
(Andersson et al., 2011; Bray, 2016; Guruharsha et al., 2012). In Xenopus laevis, others 
have demonstrated relatively simple means of hyperactivation and inhibition of the 
pathway (Wettstein et al., 1997), but the temporal aspect of this particular perturbation 
has not been the focus of recent work (Quigley and Kintner, 2017; Riddiford and 
Schlosser, 2017). 
This led us to investigate how embryos respond over time to Notch signaling 
perturbation. We found that embryos exhibit a compensatory response over time to both 
hyperactivation and downregulation of the Notch signaling pathway using marker genes 
to characterize the response. Further, we have identified differential proliferation of cells 
in neural regions as a likely mechanism mediating this compensatory response.  
 
Neuronal differentiation and patterning is initially perturbed, but recovers over time in 
response to Notch perturbation  
In order to determine how neural patterning responds over time to Notch 
perturbation, the Notch signaling pathway was perturbed via mRNA microinjection and 
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downstream gene expression assayed for over time. Embryos were assayed for 
expression of Xenopus Neural Beta Tubulin (tubb2b), a pan-neural marker gene 
expressed in all differentiated neurons (Oschwald et al., 1991). Results were assessed 
qualitatively (Table 1) and representative images of the predominant phenotype at each 
stage are shown (Fig 1). At the neurula stage, the relative number of differentiated 
neurons detected by tubb2b expression was noticeably lower in the ICD injected side. 
Injection of ICD also slows the closing of the neural tube, evidenced by the more lateral 
position of the longitudinal stripe of primary neurogenesis at the neurula stage when 
compared to the uninjected side (Fig. 1A). These results are consistent with the 
previous work of Chitnis et al. (Chitnis et al., 1995). DBM injected embryos show 
increased amounts and expanded tubb2b expression on the injected side at the neurula 
stage (Fig. 1B), also in agreement with previous work  (Wettstein et al., 1997).  
However, following the effects of these perturbations over time, tubb2b 
expression appears to recover as development progresses. Tailbud stage embryos 
show an intermediate phenotype, with tubb2b expression appearing less perturbed than 
at the neural fold stage, but still noticeably diminished in ICD injected embryos (Fig. 
1C), and increased in DBM injected embryos (Fig. 1D). The differences between 
injected and uninjected side diminish as embryos develop to the swimming tadpole 







Figure 1. tubb2b expression in response to Notch perturbation. Embryos injected 
with ICD or DBM show perturbed expression of tubb2b at neurula stages on the injected 
side (A, B). The difference in expression between sides is less stark at the tailbud stage 
(C, D), and no difference between sides is apparent at the swimming tadpole stage 
(E,F). All embryos shown are left-side injected, n > 10. qRT-PCR confirms that ICD 
injected embryos express less tubb2b, while DBM injected embryos express more 
tubb2b at the neurula stage (G). tubb2b expression remains perturbed at the tailbud 
stage (H), but at the swimming tadpole stage, no difference in expression level is 
detected when comparing perturbed embryos to vehicle-injected controls (n=3) (I). qRT-
PCR shows that while ICD (n=3) and DBM (n=2) mRNAs degrade over time, both are 
still detectable throughout the swimming tadpole stages (J, K). Abbreviations: l, lateral 
longitudinal stripe of primary neurogenesis; i/m, intermediate/medial longitudinal stripes 
of primary neurogenesis; fb, forebrain; mb, midbrain; hb, hindbrain; e, eye; V, cranial 
nerve V; IX, cranial nerve IX; X, cranial nerve X; sc, spinal cord. * = p < 0.05, ** = p < 
0.01. Molly McDonough (A-F), Andrew Halleran (G-I), Ryan Huyck (J-K).  
Table 1. Summary of tubb2b expression following Notch perturbation (Molly 
McDonough).  












GFP Neurula 14 0 (0%) 0 (0%) 14 (100%) 
GFP Tailbud 11 0 (0%) 0 (0%) 11 (100%) 
GFP Swimming tadpole 9 0 (0%)  0 (0%) 9 (100%) 
ICD Neurula 19 2 (11%) 16 (84%) 1 (5%) 
ICD Tailbud 22 1 (5%) 13 (60%) 8 (36%) 
ICD Swimming tadpole 14 0 (0%) 5 (36%) 9 (64%) 
DBM Neurula 18 14 (78%) 3 (17%) 1 (6%) 
DBM Tailbud 20 14 (70%) 2 (10%) 4 (20%) 





To further investigate the perturbation and recovery of tubb2b expression, 
expression was quantified in perturbed embryos at three developmental stages using 
qRT-PCR. At st. 18, tubb2b expression is significantly diminished in ICD injected 
embryos while expression is significantly increased in DBM injected embryos, both with 
respect to GFP injected controls (Fig. 1G). Similar results are seen at st. 28, however 
the difference in tubb2b expression between perturbed and control embryos is 
diminished (Fig. 1H). Finally, at st. 38, there is no difference in tubb2b expression levels 
between ICD injected embryos, DBM injected embryos, and GFP injected control 
embryos (Fig. 1I). These results quantitatively support the in situ hybridization results 
showing that terminal neuronal differentiation is initially perturbed by ICD or DBM 
injection, but embryos compensate over time. 
To address if this apparent recovery is mediated by degradation of perturbation 
constructs, the amounts of injected RNA was quantified over time. ICD RNA remains 
detectable at st. 40 at approximately 1/100th of the amount detected at st. 15 (Fig. 1J). 
DBM RNA is degraded faster than ICD RNA, with approximately 1/1000th of the amount 
of RNA detected at st. 15 remaining at st. 40 (Fig. 1K). 
 
Effects of Notch perturbation on neural cell number 
Notch signaling has been shown to be involved in the regulation of both cell 
proliferation and apoptosis (Mason et al., 2006; Miele and Osborne, 1999; Oishi et al., 
2004; Shimojo et al., 2008; Yang et al., 2004). Due to these connections between Notch 
signaling and cell division and death, and the observed compensatory response of 
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embryos following Notch perturbation, we hypothesized that cell number may change 
during the compensation. To address this, we quantified the number of cells in the 
anatomically defined neural region in perturbed and unperturbed sides of experimental 
embryos. Embryos injected with DBM do not show significant difference in the total 
number of neural cells between the injected and uninjected side at any stage measured 
(Fig. 2B). However, embryos injected with ICD, have significantly more neural cells on 
the perturbed side compared to the internal control side at st. 15, 25, 30, and 35 (Fig. 
2A). ICD injected embryos show no significant difference between perturbed and 
unperturbed sides at st. 40.  
 
Effects of Notch perturbation on apoptosis  
 After observing the change in cell number in response to hyperactivation of 
Notch signaling, cellular apoptosis was assayed to determine if this was changing in 
response to Notch perturbation. The proportion of apoptotic cells in the injected and 
uninjected sides of Notch perturbed embryos was detected using whole-mount TUNEL 
assay (Hensey and Gautier, 1998) and quantified (Fig. 2). Embryos injected with ICD 
have significantly higher proportions of TUNEL positive cells on the injected side when 
compared to the uninjected side at st. 35 (Fig. 2C). In DBM injected embryos, there is 
no significant difference in the proportion of apoptotic cells when comparing the injected 





Effects of Notch perturbation on cell proliferation 
Another candidate mechanism that may be mediating the change in cell number 
is proliferation. To assess both the effects of Notch perturbation on cell proliferation and 
its role in the compensatory response, the proportion of proliferative cells to total cells 
was quantified in the injected and uninjected sides of Notch perturbed embryos. This 
was achieved by quantifying expression of pcna, a transcript expressed in proliferating 
cells which encodes a DNA clamp required for DNA replication (Wullimann et al., 2005) 
(Fig. 2). Embryos injected with ICD show a significantly lower proportion of pcna 
positive cells on the injected side when compared to the uninjected side at st. 30 (Fig. 
2E). Embryos injected with DBM have a significantly lower proportion of pcna positive 
cells on the injected side when compared to the uninjected side at st. 15, 30, and 35 
(Fig. 2F).   
 
2.2 Materials and Methods 
2.2.1 Animal use 
All animal care and procedures were performed in accordance with the 
regulations set forth by the College of William & Mary Institutional Animal Care and Use 
Committee (IACUC). Embryos were obtained by natural mating of adult X. laevis as 
previously described (Sive et al., 2000) and were staged according to Nieuwkoop and 
Faber (Nieuwkoop and Faber, 1994). 
 
2.2.2 RNA Microinjections 
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Capped sense RNA was synthesized using the mMessage mMachine kit 
(Ambion) according to the manufacturer’s protocol and purified using the RNeasy 
MinElute Cleanup kit (Quiagen) according to the manufacturer’s protocol. Embryos were 
unilaterally injected in the animal cap of one cell at the two-cell stage. Injections 
consisted of 4.6 nl of nuclease-free water (NFW) containing 1.5 ng of capped transcript 
encoding either ICD (Chitnis et al., 1995) or DBM (Wettstein et al., 1997) and 0.5 ng of 
GFP (Chalfie et al., 1994) or ß-Galactosidase (Chitnis et al., 1995) as an injection 
tracer. Vehicle-injected controls were injected with 4.6 nl NFW containing 0.5 ng of GFP 
or ß-Galactosidase. Bilaterally injected embryos were injected with 4.6 nl NFW 
containing 1.5 ng ICD or DBM mRNA and 0.5 ng GFP mRNA into each cell at the two-
cell stage. ICD and DBM constructs were the kind gifts of C. Kintner. 
 
2.2.3 Whole-mount in situ hybridization 
Antisense RNA probes labelled with either digoxigenin-11 rUTP or fluorescein-12 
rUTP (Roche) were synthesized as described by Sive et al. (Sive et al., 2000) for the 
following genes: tubb2b (Klein et al., 2002), sox2 (Huyck et al., 2015), and pcna (Huyck 
et al., 2015). Whole-mount chromogenic in situ hybridization (ISH) using NBT/BCIP 
(nitrobluetetrazolium/5-bromo-4-chloro-3-indolyl phosphate) alkaline phosphatase 
substrates was performed as described by others (Sive et al., 2000), with minor 
modifications. Whole-mount double fluorescent in situ hybridization (dFISH) was 
performed as described by others (Davidson and Keller, 1999; Vize et al., 2009; Zhou 
and Vize, 2004) with modifications and using in-house conjugated fluorophore-
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tyramides. Following simultaneous hybridization of both probes (one dig-11 labeled, the 
other fluor-12 labeled), embryos were treated with RNaseA to remove residual non-
hybridized probe. Embryos were then washed in PBS with 0.1% Tween-20 (Sigma) 
(PTw) and 2% H2O2 to quench endogenous peroxidases. The first color reaction was 
performed with Cy3-tyramide, after which embryos were washed in PTw and 2% H2O2 
to fully quench unreacted POD-antibody. Antibody incubation and color reaction were 
repeated against the second probe using FITC-tyramide during the color reaction. 
Following the final color reaction, unbound fluorophores were washed out and embryos 
were fixed in MEMFA (100 mM Mops, pH 7.4, 2 mM EGTA, 1 mM MgSO4, 4% 
formaldehyde). Embryos were photographed with a Nikon DSi-R2 camera mounted to a 
Nikon SMZ800N stereomicroscope. Global image adjustments were made using Adobe 
Photoshop CC to correct brightness, contrast, and color balance. 
 
2.2.4 Histology and Colocalization 
Following whole-mount assays, embryos were cryosectioned as described (see 
appendix 1 for method). Sections were imaged using a Nikon Ni-Eclipse microscope 
and DSi-R2 camera. Analysis was carried out using NIS-Elements AR version 4.5. 
Colocalization between FITC-channel images and Cy3-channel images was analyzed in 
each half of the anatomically defined neural region using the colocalization tool. 
Pearson’s correlation coefficient (PCC) was determined for each section of an embryo 
and the average PCC was calculated for each embryo (n=3 embryos). Statistical 





Identity of proliferative cells 
 To better understand the underlying involvement of differential proliferation in 
response to Notch perturbation, expression of tubb2b or sox2 was used to categorize 
cells expressing pcna mRNA as either differentiated neurons (tubb2b) or neural 
progenitors (sox2) (Graham et al., 2003). ICD injected embryos do not show significant 
differences in the colocalization of sox2 and pcna at st. 25, 30, or 35 (Fig. 2I). However, 
DBM injected embryos have significantly less colocalization between sox2 and pcna at 
st. 30 (Fig. 2I). Qualitative analysis shows that the change in colocalization is caused by 
increased expression of sox2 in areas that do not express pcna. In all conditions, a high 
degree of colocalization between sox2 and pcna is observed as expected because sox2 
is expressed in proliferative neural progenitors (Graham et al., 2003; Rogers et al., 
2009). 
 Investigating the colocalization of tubb2b and pcna, we find that ICD injected 
embryos have significantly less colocalization at st. 25, 30, and 35. Qualitatively, this is 
caused by the presence of more areas that express pcna but not tubb2b (Fig. 2K). DBM 
injected embryos, on the other hand, have significantly more colocalization at st. 25 and 
30, but no significant difference is detected at st. 35 (Fig. 2K), supporting the notion of a 
near-complete compensation by this stage. This change in colocalization is caused by 







Figure 2. Apoptosis and proliferation in response to Notch perturbation. Total 
number of neural cells were measured in injected and uninjected sides of embryos over 
time in response to ICD injection (A) and DBM injection (B) (n=10; * = p ≤ 0.05). 
Subsequently, the proportion of cell positive for TUNEL staining was measured in the 
injected and uninjected sides (C, D) (n=5; * = p ≤ 0.05). Next, the proportion of neural 
cell expressing pcna was measured in injected and uninjected sides of embryos (E, F) 
(n=5; * = p ≤ 0.05). Representative images of TUNEL staining and pcna expression in 
Notch perturbed embryos are shown in G and H, respectively. The change in pearson’s 
correlation coefficient (PCC) was measured between sox2 and pcna in injected and 
uninjected sides of Notch perturbed embryos and ß-gal injected controls (I) (n=3; *** = p 
≤ 0.001). Representative images of sox2 and pcna expression in transvers sections 
through the anterior spinal cord of Notch perturbed embryos are shown in J. The 
change in PCC was measured between tubb2b and pcna in injected and uninjected 
sides of Notch perturbed embryos and ß-gal injected controls (I) (n=3; * = p ≤ 0.05, *** = 
p ≤ 0.001). Representative images of tubb2b and pcna expression in transverse 
sections through the hindbrain of Notch perturbed embryos are shown in L. All embryos 
shown are left-side injected. Abbreviations: np, neural plate; nc, notochord; fb, forebrain; 
hb, hindbrain; mb, midbrain; e, eye; ot, otic vesicle. Catherine Bianchi, Ryan Hucyck, 
Claire Tocheny (A-H), MEP (I-L). 
 
Bilateral perturbations suggest a more complex role for the uninjected side in unilateral 
perturbations 
 Given that half of the embryo remains seemingly unperturbed and serves as an 
internal control in previous unilateral perturbation experiments, the question remains as 
to whether the uninjected side may be involved in the compensation. We chose to 
investigate how embryos respond to bilateral Notch perturbation to address this. Unlike 
unilateral perturbations, there is a clear difference in the response to ICD injection 
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versus DBM injection. ICD bilaterally injected embryos show very little tubb2b 
expression at the neurula stage (Fig. 3A), and show severe neural tube defects by the 
tailbud stage (Fig. 3B). In addition to morphological defects, tubb2b expression appears 
diminished throughout the developing nervous system (Fig. 3B). No embryos survive to 
the swimming tadpole stage, showing that embryos bilaterally injected with ICD are not 
able to compensate in the same manner as ICD unilaterally injected embryos. 
 
 
Figure 3. tubb2b expression in bilaterally perturbed embryos. Representative 
images of embryos following bilateral Notch perturbation. Abbreviations: i/m, 
intermediate/medial longitudinal stripes of primary neurogenesis; fb, forebrain; mb, 
midbrain; hb, hindbrain; e, eye; V, cranial nerve V; sc, spinal cord. N = 2. Scale bars 
represent 0.5 mm.  
 
Interestingly, DBM bilaterally injected embryos respond quite differently and 
demonstrate a compensatory response similar to that observed in unilaterally injected 
embryos. At the neurula stage, DBM bilaterally injected embryos show mildly ectopic 
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tubb2b expression and an expansion of the intermediate/medial longitudinal stripes of 
primary neurogenesis (Fig. 3C). Expanded tubb2b expression is also observed at the 
tailbud stage, but neural tube defects are not observed (Fig. 3D). By the swimming 
tadpole stage, tubb2b expression appears nearly normal (Fig. 3E). These data suggest 
that DBM bilaterally injected embryos are able to compensate for effects of DBM in the 
whole embryo. However, ICD bilaterally injected embryos do not exhibit a robust 
compensatory response, such as is observed in ICD unilaterally injected embryos. 
  
2.4 Discussion 
Robustness demonstrated in response to Notch perturbation 
 Genetic robustness is a critical feature of a developing organism and enables the 
organism to develop normally in spite of variations in gene expression (Green et al., 
2017) or de novo mutations in the genome (Fanti et al., 2017), which can be considered 
forms of genetic perturbation. Recent work has investigated how organisms exhibit 
robustness in response to genetic perturbations, but the mechanisms of compensation 
remain unclear (El-Brolosy and Stainier, 2017). Others have demonstrated various 
compensatory responses in Xenopus, such as: normalized craniofacial structures after 
perturbation with a dominant mutant of ductin (Vandenberg et al., 2012); and the ability 
to undergo metamorphosis in spite of complete absence of Mad1, which was previously 
thought to be important in metamorphic intestinal remodeling (Okada et al., 2017). 
Adding to this, we have demonstrated that X. laevis embryos display a compensatory 
response following Notch signaling perturbation. This compensation appears to be a 
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relatively long process, given that we detect differences between the two sides of the 
embryo from the neurula stage (Fig. 1) through the swimming tadpole stage (Fig. 2). 
However, the degree and extent of the perturbation is drastically reduced over time; by 
the swimming tadpole stage, the perturbation has been sufficiently ameliorated that 
tubb2b expression appears normal in the perturbed half of the embryo (Fig. 1E, F, I).  
Our model suggests that there is an underlying mechanism enabling embryos to 
sense and respond to the effects of Notch perturbation, as we observe evidence of 
changes in gene expression, even as the perturbation constructs degrade over time. It 
is probable that this mechanism relies on redundant and complex gene regulatory 
networks, as these types of networks have been implicated in the functional 
organization of cellular interactions (Barabási and Oltvai, 2004), resiliency of 
phenotypes to genotypic changes (Mayer and Hansen, 2017), and cell-fate 
determination (Espinosa-soto et al., 2004). While essentially all living things utilize 
complex gene networks, redundancy in such networks appears particularly essential for 
genetic robustness.  
Additionally, there appear to be crucial differences in the response to Notch 
pathway hyperactivation versus inhibition based on the marked difference between the 
two conditions when embryos are bilaterally injected (Fig. 3). Others have shown that 
overexpression of Notch can lead to neural tube defects by inhibiting neuronal 
differentiation (Copp and Greene, 2010; Greene and Copp, 2014). We hypothesize that 
introducing exogenous ICD to the entire embryo causes neural tube defects by 
inhibiting expression of neural adhesion genes, such as those regulated by dishevelled 
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which are necessary for neural tube closure (Wallingford, 2002). Given that others have 
demonstrated interactions between Notch and dishevelled as the Notch pathway 
exhibits cross talk with the Wnt pathway (Muñoz-Descalzo et al., 2010), this may be the 
case. In this scenario, the uninjected side of unilaterally injected embryos appears to be 
sufficient to facilitate proper neural tube closure and allow for further compensation. 
Additionally, other adhesion molecules have been shown to be necessary for neural 
tube closure and are likely inhibited by hyperactivated Notch signaling  (Espeseth et al., 
1995; Kwon et al., 2011; St. Amand and Klymkowsky, 2001). 
The work of Vasiliu et al. (Vasiliu et al., 2015) also emphasizes the complexity of 
the compensatory response, showing that there are numerous differentially expressed 
genes in Notch perturbed embryos. Further work is needed to explore the suite of 
differentially expressed genes and assess their role in the compensatory response. 
Notably, X. laevis is tetraploid and has retained ~60% of its genes in duplicate 
following the allopolyploidization event (Session et al., 2016). While these duplicated 
genes have presented a challenge for the use of traditional genetic approaches, this 
produces a relatively unique model for investigating a compensatory response given 
that more commonly used model systems, such as mouse and zebrafish, are effectively 
diploid (El-Brolosy and Stainier, 2017). Considering that high degrees of gene and gene 
network redundancy have been implicated in developmental robustness, it could be 




Like many polyploid organisms, the X. laevis genome has undergone asymmetric 
loss between the two subgenomes over evolutionary time, with the S subgenome 
experiencing more loss and remodeling then the L subgenome (Session et al., 2016). 
This has contributed to the observed variability in the expression of homeologous genes 
throughout development (Michiue et al., 2017; Session et al., 2016; Watanabe et al., 
2017). However, this variability (noise in gene expression) may serve to insulate the 
developmental circuits. Gene expression noise has previously been shown to play an 
important role in cell plasticity, enhance developmental robustness, and buffer genetic 
and environmental fluctuations (Averbukh et al., 2017; Holmes et al., 2017).  
This leads us to hypothesize that X. laevis homeologs may respond differentially 
to Notch perturbation, essentially acting to insulate the developmental program and 
allow greater plasticity in response to genetic perturbation. More broadly, it may be the 
case that WGD and subsequent retention of homeolog pairs has expanded the limits of 
genetic variability polyploid vertebrates can tolerate.  
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Chapter 3. Comparative analysis of the response to Notch signaling perturbation 
in Xenopus laevis and Xenopus borealis during embryonic development 
[Note: All wet lab experiments with X. borealis were conducted solely by Mark E. 
Pownall. Ronald R. Cutler contributed immensely to all bioinformatics associated with 
this chapter. The X. laevis RNA-seq data set was produced by Andrew D. Halleran and 
initially analyzed by ADH, and Caroline A. Golino. Additional analysis of X. laevis data 
using updated genome assembly versions and current software packages was 




 Polyploidy has been an important factor in plant evolution and is particularly 
pervasive in angiosperms, leading to intense study of polyploid genomics and 
transcriptomics in plants (Adams and Wendel, 2005; Soltis et al., 2009, 2015, Stebbins, 
1985, 1939). However, polyploidy has more recently been noted in vertebrates for its 
presence in some mammalian adult tissues, roles in normal mammalian development, 
and roles in cellular pathogenesis, such as cancer and the response to wounding 
(Davoli and Lange, 2011; Orr-Weaver, 2015; Schoenfelder and Fox, 2015). While all 
vertebrates can be considered paleopolyploid (i.e. ancient genome duplications over   ~ 
100 Mya (Ohno, 1999; Wolfe, 2001)) given the two rounds of WGD in the vertebrate 
common ancestor (Dehal and Boore, 2005), much of the duplicated genetic material is 
lost as organisms undergo rediploidization over time (Berthelot et al., 2014; Lien et al., 
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2016). Therefore, most vertebrates are considered diploid given the ancient timing of 
WGD, which makes studying polyploidy in most vertebrates nearly impossible.  
In addition to the ancient WGD events shared by all vertebrates, some fish 
lineages have experienced more recent WGD, providing insight into the evolutionary 
processes occurring in vertebrates after WGD. Rainbow trout experienced a WGD 
event 100 Mya and have subsequently lost over half of the duplicated protein-coding 
genes through a slow rediploidization process (Berthelot et al., 2014). This notably 
disagrees with the current theory in plant polyploidy, which suggests that genome 
restructuring is both rapid and dramatic (Hufton and Panopoulou, 2009; Sémon and 
Wolfe, 2007). The Atlantic salmon, in contrast with rainbow trout, demonstrates 
significant genomic reorganization following a WGD event 80 Mya and have retained 
slightly over half of the duplicated genes as homeolog pairs (Lien et al., 2016). Another 
recently duplicated fish genome is that of the common carp, which has experienced 
rapid divergence in expression and function of homeologs, but not dramatic genomic 
restructuring, in the 8 million years since the allopolyploidization (Li et al., 2015). 
The Xenopus genus presents a unique group of polyploid vertebrates which have 
not yet returned to a diploid status after polyploidization (Chain and Evans, 2006; Evans 
et al., 2015). In X. laevis, the allotetraploidization event 17-18 Mya produced another 
species, X. borealis, which can be used to compare parallel evolution of shared 
homeologs (Session et al., 2016). Tetraploid X. laevis and diploid X. tropicalis have 
been broadly used as model organisms, but homeolog specificity of any genetics in X. 
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laevis has been largely overlooked prior to the recent assembly and publication of the 
genome (Session et al., 2016).  
Given the variability in homeolog expression in X. laevis (Michiue et al., 2017; 
Session et al., 2016; Watanabe et al., 2017), and potential role for this variability in the 
robust compensatory response to Notch perturbation (see Chapter 2), we set out to 
investigate the response of Xenopus homeologs to Notch perturbation. While we have 
shown that X. laevis displays a compensatory response, we chose to pursue a 
comparative analysis between X. laevis and X. borealis with the question of whether 
these two closely related species respond in a similar manner, and if the changes in 
homeolog expression would also be similar.  
Here, we show that X. borealis and X. laevis respond in different manners to 
hyperactivation of the Notch signaling pathway through marker gene analysis and 
qualitative observations of morphology. Further, RNA-seq was performed on Notch 
perturbed X. borealis which has revealed huge differences in the response at the global 
transcriptomic level while providing insights to homeolog expression and bias in 
response to perturbation. At the time of this thesis, there has been no such comparative 
analysis between polyploid vertebrates published providing data on how homeolog 
expression changes in response to a perturbation in two species. This begins to 
address the broader question of whether homeolog expression is regulated with 
precision or if it is more stochastic. Additionally, given that X. borealis does not yet have 
a reference genome available, a de novo assembly of the transcriptome was produced 
from the RNA-seq data.  
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3.2 Materials and Methods 
3.2.1 Animal usage 
All animal care and use was approved by the College of William and Mary 
Institutional Animal Care and Use Committee (IACUC). Mating was induced by 
subcutaneous injection of human chorionic gonadotropin (hCG) as described by Sive et 
al. (Sive et al., 2000), with females receiving 500 units and males 400 units. Embryos 
were collected and dejelled in basic 2% cysteine for eight minutes. After dejelling, 
embryos were washed three times in 0.1X Marc’s Modified Ringers (MMR) with 50 
µg/ml gentamicin. Embryos were then reared in 0.1X MMR + gentamicin at room 
temperature (~22ºC) until the desired stage was reached. All staging was based on 
equivalent Nieuwkoop and Faber Xenopus laevis stages (Nieuwkoop and Faber, 1994).  
 
3.2.2 Construct synthesis  
 To clone X. borealis notch ICD, RNA was extracted from stage 30 flash-frozen 
embryos as described in section 3.2.5. 500 ng total RNA was reverse transcribed using 
the iSript Reverse Transcription Supermix (Bio-Rad) according to the manufacturer’s 
instructions. The cDNA was then used to PCR amplify notch ICD with the following 
primers: Forward:  5’ aagaggacttgaattcaaggatgAATAAGAAGCGCCGCCGTG 3’ and 
Reverse: 5’ tcactatagttctagaggctCTTGAAAGCTTCAGGTATGTG 3’. Note that lower 
case letters represent designed overhangs, while uppercase letters represent the 
target-specific sequence. The PCR product was gel extracted using the QIAquick Gel 
Extraction Kit (Quiagen) according to the manufacturer’s protocol to ensure no off-target 
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amplicons were carried through subsequent reactions. Using the designed overhangs, 
the gel-extracted notch ICD amplicon was then inserted into linear pCS2+MT vector, 
which had been PCR amplified at matching overhang sites with primers: Forward: 5’ 
AGCCTCTAGAACTATAGTGAG 3’ and Reverse 5’ catCCTTGAATTCAAGTCCTC 3’. 
Given that previous sequencing showed X. borealis ICD lacked a start codon, a start 
codon was added during the construct assembly. ICD and pCS2+MT PCR products 
were assembled using the NEBuilder® HiFi DNA Assembly Mastermix per the 
manufacture’s protocol. The sequence was confirmed with Sanger sequencing.  
 
3.2.3 RNA Microinjection 
 mRNA was transcribed as described in section 2.2.2. At the two cell stage, 
embryos were unilaterally injected with 2.3 nl of nuclease-free water containing either 
0.75 ng X. borealis ICD + 0.25 ng GFP mRNA, 0.75 ng X. laevis DBM (Wettstein et al., 
1997) + 0.25 ng GFP mRNA, or 0.25 ng GFP mRNA. Given the size of X. borealis eggs 
relative to X. laevis eggs measured in-house, these dosages are scaled such that X. 
borealis embryos receive the same amount of mRNA and water per volume of the cell 
as X. laevis.  
 
3.2.4 in situ hybridization 
Embryos were reared in the same manner as X. laevis embryos. At desired 
stages, embryos were fixed in 1X MEMFA and whole-mount chromogenic in situ 
hybridization (ISH) using NBT/BCIP (nitrobluetetrazolium/5-bromo-4-chloro-3-indolyl 
phosphate) alkaline phosphatase substrates was performed as described by Sive et al. 
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(Sive et al., 2000) with slight modifications. tubb2b was detected using the probe 
targeting X. laevis tubb2b (Klein et al., 2002). Note that for each biological replicate 
(n=3, embryos obtained from different parents) of ICD injected embryos and GFP 
injected embryos, embryos are siblings. Additional injected siblings from each mating 
were used for RNA-seq. DBM injected embryos are not siblings to any replicate of ICD 
or GFP, but each DBM replicate (n=3) represents unique parents. Embryos were 
photographed with a Nikon DSi-R2 camera mounted to a Nikon SMZ800N 
stereomicroscope. Global image adjustments were made using Adobe Photoshop CC to 
correct brightness, contrast, and color balance. 
 
3.2.5 Sample preparation and RNA extraction 
At stages 18 (neurula), 28 (tailbud), and 38 (swimming tadpole) groups of five 
embryos were flash frozen in liquid nitrogen and stored at -80ºC. This was repeated for 
three biological replicates as explained in section 3.2.4. RNA was extracted by 
homogenizing embryos in 600 µl TRI reagent (Ambion) then dividing the homogenate 
equally between two tubes. Extraction was then carried out using 60 µl of chloroform. 
This partially separated mixture was spun down in a Phase Lock Gel Heavy tube 
(QuantaBio) and RNA was then purified using the MagMAX™- 96 for Microarrays 
(Thermo Fisher Scientific) kit according to the manufacturer’s instructions. RNA quality 






The total RNA from each sample was shipped to Oklahoma Medical Research 
Facility (OMRF) where polyA-selected libraries were generated using the Illumina 
TruSeq Stranded Library Prep kit. ERCC spike-ins (Thermo Fisher Scientific) were 
added to libraries to allow for transcript read calibrations and absolute quantification of 
RNA copy numbers (Owens et al., 2016). Library quality was confirmed with Agilent 
TapeStation and Kapa qPCR prior to paired-end 150 bp sequencing on an Illumina 
HiSeq 3000 with sequencing depth of ~40-80 million reads per sample.  
 
3.2.7 Differential expression analysis 
 Per base sequence quality of raw reads was analyzed using FastQC (Andrews, 
2010) and no read trimming was necessary. Hisat2 (Kim et al., 2015) was used with 
relaxed parameters (Baruzzo et al., 2017) to align reads to the Xenopus laevis 
reference genome v9.1 (Karimi et al., 2018). Mapped reads were quantified using 
HTSeq-Count (Anders et al., 2015) with the GIv18pV3 (accessed 170527) annotation 
(45,829 transcripts) which is a manually curated version (Atsushi Suzuki, Masanori 
Taira, Taejoon Kwon) of the JGlv 1.8.3.2 annotation (Karimi et al., 2018). Differential 
expression refers to experimental conditions ICD or DBM versus GFP controls of the 
same stage using the three biological replicates for each condition. Differential 
expression was tested using DESeq2 (Love et al., 2014) and statistical significance was 




Homeolog expression bias 
Homeolog bias was measured within conditions by separating the counts for all L 
homeologs and all S homeologs for each sample. DESeq2 was then used to test for 
differential expression between L and S homeologous pairs in each stage and condition 
with normalization for gene length. We considered differentially expressed homeologs 
(p-adj < 0.05) biased. Change in homeolog bias was measured using the interaction 
term from DESeq2 to test for differences in homeolog bias across conditions.  
 
3.2.8 Transcriptome de novo assembly 
Transcriptome de novo assembly was executed using Trinity (Version 2.4.0) 
(Grabherr et al., 2011) with all reads from the 27 samples used and running on a high-
performance computing cluster. Read coverage was normalized to 50X and the 
minimum of number of k-mers to be assembled by the Inchworm module was set to two. 
Transcripts appearing with multiple isoforms were collapsed as ‘genes’ to produce a 
genome-like reference through the Trinity SuperTranscripts module. Quantification of 
transcript abundance was performed using Salmon (Version 0.9.1) (Patro et al., 2017). 
All commands, scripts, and parameters used are available upon request. 
 
3.3 Results 
Cloning of putative X. borealis Notch ICD 
 To address whether X. borealis will respond in a similar manner to Notch 
perturbation as we have observed in X. laevis, the X. borealis Notch ICD was cloned 
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into an expression vector to enable species-specific perturbation. Sequence analysis 
revealed that the cloned sequence has 93% identity to X. laevis Notch ICD. While this 
new construct allows for species-specific hyperactivation of the pathway, we chose not 
to generate X. borealis specific Su(H) DBM because this construct is already a mutant 
of the X. laevis Su(H). Additionally, X. laevis Su(H) aligns to X. borealis Su(H) at a high 
rate (>80%), and preliminary results demonstrated X. laevis DBM perturbs tubb2b 
expression in X. borealis in a similar manner as in X. laevis.   
 
X. borealis tolerate RNA microinjection and can be assayed using probes targeting X. 
laevis genes 
 X. borealis is not a widely-used model organism; therefore, it was important to 
demonstrate that embryos are amenable to microinjection with vehicle-controls prior to 
experimental perturbations. Expression of tubb2b at neurula, tailbud, and swimming 
tadpole stages reveals that X. borealis are not perturbed by injection of GFP. This also 
demonstrates that gene expression can be assayed for using in situ hybridization 
probes designed to target X. laevis genes (Fig. 4B, E, H). 
 
X. borealis are initially perturbed similarly to X. laevis by Notch signaling perturbation 
 To assess how X. borealis respond to Notch perturbation, perturbed embryos 
were assed for tubb2b expression at the neurula, tailbud, and swimming tadpole stages. 







Figure 4. tubb2b expression in X. borealis following Notch signaling perturbation. 
X. borealis Notch ICD was cloned and sense transcripts were synthesized in vitro for 
unilateral microinjection (0.75 ng ICD mRNA). Embryos underwent in situ hybridization 
using the X. laevis tubb2b probe. Although the perturbation appears more severe in X. 
borealis, showing many more morphological defects than X. laevis, embryos are still 
able to recover tubb2b expression over time. Embryos were also injected with X. laevis 
DBM mRNA (0.75 ng). All embryos shown are left-side injected. Abbreviations: l, lateral 
longitudinal stripe of primary neurogenesis; i/m, intermediate/medial longitudinal stripes 
of primary neurogenesis; fb, forebrain; mb, midbrain; hb, hindbrain; e, eye; V, cranial 
nerve V; sc, spinal cord. 
injected side (Fig. 4A, arrowhead), while DBM injected embryos show an expanded 
area of tubb2b expression (Fig. 4C, arrowhead). Interestingly, ICD injected embryos 
exhibit morphological defects at the tailbud stage, but despite these apparent 
deformities, tubb2b expression appears to compensate in the injected side (figure 4D, 
arrowhead). However, DBM injected embryos respond more similarly to X. laevis, 
showing no apparent morphological deformities as the differences in tubb2b expression 
between injected and uninjected sides appear to decline by the tailbud stage (Fig. 4F). 
When embryos reach the swimming tadpole stage, both ICD injected and DBM injected 
embryos show minimal differences in tubb2b expression between the injected and 
uninjected sides (figure 4G, I), demonstrating a compensatory response as was 
observed in X. laevis. However, ICD injected embryos do not recover morphologically 




RNA-seq reveals differences in response to Notch perturbation between X. borealis and 
X. laevis 
Given that the lab has already produced an RNA-seq data set from Notch 
perturbed X. laevis embryos (experiments carried out by ADH, unpublished data), the 
transcriptomic response in X. borealis can be readily compared to that of X. laevis. We 
chose to use the X. laevis 9.1 genome (Karimi et al., 2018) as the reference, given the 
average alignment rate of 67.5% across all 27 X. borealis samples to the X. laevis 
genome (Fig. 5). Additionally, given the complexities of homeolog annotation, use of the 
X. laevis reference genome allows X. borealis transcripts to readily be identified as 
orthologous to L or S homeologs (Session et al., 2016). 
 
Figure 5. Alignment rate of X. borealis RNA-seq reads to X. laevis 9.1 reference 
genome. Consistent alignment rates are observed across stages and conditions. Each 




 Analysis of differential gene expression in response to Notch perturbation in X. 
borealis and X. laevis shows that X. borealis have more differentially expressed (DE) 
genes (p-adj < 0.05) at the neurula stage in both ICD and DBM conditions than X. laevis 
(Fig. 6). Interestingly, as embryos develop from the neurula to tailbud stage, an increase 
in the number DE genes is observed in ICD injected X. laevis, while ICD injected X. 
borealis show a decline in the number of DE genes. When embryos reach the 
swimming tadpole stage, ICD injected X. laevis embryos continue to have more DE 
genes than X. borealis, although there is a decrease from the tailbud stage (Fig. 6A). X. 
borealis respond Notch hyperactivation initially with a large number of DE genes, which 
then declines over time. X. laevis appear to respond in a more complex manner, with 
fewer DE genes at the neurula stage, followed by a large increase DE genes at the 
tailbud stage, and still more DE genes at the swimming tadpole stage than at the 
neurula stage (Fig. 6B). 
Although embryos of both species consistently show fewer DE genes in 
response to inhibition of the Notch pathway via DBM injection, different results are 
observed in X. laevis and X. borealis. In all stages, DBM injected X. borealis show more 
DE genes than X. laevis. DBM injected X. borealis embryos show an increase in DE 
genes as they develop from neurula to tailbud, and no change in the number of DE 
genes from the tailbud stage to the swimming tadpole stage. In contrast, DBM injected 






Figure 6. Number of differentially expressed genes in X. borealis and X. laevis 
following Notch perturbation. DE genes (p-adj < 0.05) in X. borealis and X. laevis 
following Notch pathway hyperactivation (A) and inhibition (B). 
 
Notably, in nearly all conditions, there are more DE homeologs than non-
homeologs (Fig. 6). In ICD injected tailbud stage X. borealis, there are only two more 
DE non-homeologs than there are homeologs (Fig. 6A). Swimming tadpole stage DBM  
injected X. laevis show equal amounts of DE homeologs and non-homeologs. These 
two conditions represent the only conditions where homeologs do not dominate the pool 
of DE genes; however, the amounts of homeologs and non-homeologs are very similar 
in these cases. 
 To further compare the response between X. borealis and X. laevis, the 
differentially expressed genes in each species and condition were compared (Fig. 7). 
Consistent with morphological and in situ hybridization data, many differences are 
observed in response to Notch signaling hyperactivation by ICD injection. At the neurula 
stage, X. borealis and X. laevis have only 37 DE genes in common (Fig. 7A). These 
shared DE genes include several known interacts of the Notch pathway, such as 
members of the hes (hairy/enhancer of split) family (Kageyama et al., 2008; Michiue et 
al., 2017; Moore et al., 2018), hey1 and hey2 (hes related family BHLH transcription 
factor with YRPW motif 1 and 2) (Michiue et al., 2017; Oswald et al., 2016), nrarp (notch 
regulated akyrin repeat protein) (Lamar et al., 2001; Moore et al., 2018), and geminin 
(Yan et al., 2009). As the number of DE genes peaks in ICD injected X. laevis at the 
tailbud stage, many more shared DE genes are observed between X. laevis and X. 
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borealis (Fig. 7B). However, at the swimming tadpole stage, both X. borealis and X. 
laevis have >150 DE genes yet only five are shared, demonstrating a stark difference in 




Figure 7. Shared and unique differentially expressed genes in X. borealis and X. 
laevis following Notch perturbation. Comparison of SDE (p-adj < 0.005) genes at 
neurula (A, D), tailbud (B, E), and swimming tadpole (C, F) stages following Notch 
hyperactivation (A-C) or inhibition (D-F).  
 
include npr3.L and npr3.S (NPR3-like GATOR1 complex subunit), ednrb2.S (endothelin 
receptor B subtype 2), gad2.S (glutamate decarboxylase 2), and an uncharacterized 
gene. 
Given that DBM injected X. laevis embryos have few DE genes, there are very 
few shared DE genes when comparing the two species. At the neurula stage, DBM 
injected X. borealis and X. laevis embryos have two shared DE genes, Su(H) and 
prdm14.L (PRDI-BF1 and RIZ homology domain containing 14) (Fig. 7D). Su(H) is 
expected given that injected DBM mRNA codes for a DNA binding mutant of Su(H) 
(Wettstein et al., 1997). Prdm14 is a histone methyltransferase that has been shown to 
interact with the Notch pathway (Berndt, 2015). At the tailbud and swimming tadpole 
stages, X. borealis and X. laevis have no shared DE genes (Fig. 7E, F). 
 
Homeologs respond differentially to Notch perturbation in X. borealis and X. laevis  
 Given that over half of all DE genes observed in X. laevis and X. borealis are 
homeologs, we next addressed how homeologs respond to Notch perturbation in both 
X. borealis and X. laevis. Homeolog pairs in X. borealis and X. laevis show bias (are 
significantly differentially expressed) in GFP injected control embryos (Fig. 8A), ICD 
injected embryos (Fig. 8B), and DBM injected embryos (Fig. 8C). Homeolog bias tends 
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to increase as embryos develop in both species, and the number of biased homeologs 
is quite similar in both species as well. Others have reported that X. laevis homeologs 
typically show bias toward the L homeolog (Session et al., 2016), but our data do not 
appear to show a dominant subgenome given that bias towards the L and S homeologs 
is very similar in all conditions. This is likely caused by different analysis methods, with 
the analysis here having a strict definition for bias as homeologs being significantly 
differentially expressed (p-adj < 0.05). 
 In addition to biased homeolog expression in each condition, X. borealis and X. 
laevis embryos also exhibit changes in homeolog expression bias following 
hyperactivation of the Notch pathway. At the neurula stage, ICD injected X. borealis 
embryos show nearly equal shifts in bias towards L and S, while X. laevis embryos 
show more shifts in bias towards the S homeolog. Interestingly, tailbud stage ICD 
injected X. borealis embryos have only six homeologs changing bias; whereas X. laevis 
have nearly 88 homeologs changing in bias at the same stage. When ICD injected 
embryos reach the swimming tadpole stage, X. borealis again have minimal differences 
regarding which homeolog bias shifts towards; whereas X. laevis exhibit more 
homeologs shifting bias towards L (Fig. 8D). 
 Additionally, following Notch pathway inhibition, X. borealis and X. laevis show 
changes in homeolog expression bias. Neurula stage X. borealis and X. laevis embryos 
demonstrate similar changes in bias for both L and S homeologs. When embryos reach 
the tailbud stage, X. borealis embryos again have equal amounts of homeologs 
changing bias towards L and S. The change in bias in tailbud stage X. laevis is slightly 
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skewed towards more S homeolog bias. At the swimming tadpole stage, X. borealis has 
more homeologs shifting bias towards S, while X. laevis has more homeologs shifting 
bias towards L (Fig. 8E). Notably, consistent trends in changes homeolog bias do not 




Figure 8. Homeolog bias in X. borealis and X. laevis following Notch perturbation. 
SDE (p-adj < 0.005) homeologs in GFP injected control embryos (A), ICD injected 
embryos (B), and DBM injected embryos (C). Number of homeologs that significantly (p-
adj < 0.05) change bias in response to Notch hyperactivation (D) or inhibition (E). 
 
de novo assembly of X. borealis transcriptome 
 While we chose to use the X. laevis reference genome for this comparative 
analysis, it remains that X. borealis currently has no reference genome or transcriptome 
available. To provide a starting point for the field in future transcriptomic analysis of X. 
borealis, a de novo assembly of the transcriptome was built using all RNA-seq reads 
generated from this experiment. Statistics of the assembly are summarized in Table 2.  
 
3.4 Discussion 
 Given the stark differences in response to Notch pathway hyperactivation 
between X. borealis and X. laevis, it is not unexpected that the transcriptional response 
shows more differences than similarities at the global level. We suggest that the 
relatively large number of DE genes in X. laevis at the tailbud stage may play a critical 
role in the compensatory response. While X. borealis shows morphological deformities 
at this stage, X. laevis do not, and have over 500 DE genes that are not found in X. 
borealis at that stage. When considering homeolog bias, we have observed similar 
amounts of biased homeologs in X. laevis and X. borealis, but surprisingly, X. laevis 
demonstrates more changes in homeolog bias at the tailbud stage in response to Notch  
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Table 2. Statistics of X. borealis transcriptome assembly. 
Number of reads used in assembly 909,901,060 
Number assembled bases 950,208,172 
Number of assembled genes 930,234 
Number of assembled transcripts 1,516,240 
Assembly GC percent 41.94 
Contig N50 945 
Contig Ex90N50 2,488 
Average contig 626.69 
 
perturbation. It could then be the case that changes in homeolog bias represent a 
dynamic response in which duplicated genes are utilized to provide additional 
redundancy and buffer the system. For example, others have shown that components of 
key developmental pathways such as Wnt, Hedgehog (Hh), Hippo, and Notch have a 
much higher rate of duplicate retention yet have been subfunctionalized and show 
differential expression patterns, which may increase environmental adaptability via 
signaling pathway diversification (Michiue et al., 2017). However, while components of 
these pathways exhibit much variability, crucial developmental transcription factors 
demonstrate both a relatively high rate of homeolog pair retention and conservative 
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expression profiles (Michiue et al., 2017; Session et al., 2016; Watanabe et al., 2017). 
This supports the notion that homeologs can serve to increase robustness. 
 Based on this, we suggest the possibility that X. borealis homeologs may have 
experienced fewer genomic changes contributing to subfunctionalization and differential 
expression profiles and patterns than X. laevis. As such, we have observed fewer 
changes in homeolog bias following perturbation in X. borealis than X. laevis and less of 
a compensatory response in X. borealis following a genetic perturbation by 
hyperactivation of the Notch pathway. It could be the case that homeolog bias and the 
changes in bias in response to genetic perturbation represent a dynamic and robust 
response in X. laevis, which is observed at lesser extent in X. borealis.  
 There are, however, some limitations present in our current analysis that must be 
considered. Firstly, we have used the X. laevis reference genome for X. borealis RNA-
seq analysis, which has essentially excluded roughly 30% of the RNA-seq reads, 
potentially causing underestimation of differentially expressed genes in X. borealis. 
While we have begun to address this by assembling the X. borealis transcriptome, it 
was not used in our analysis given the challenges of appropriately annotating the 
transcripts, but hopefully others will be able to make use our data in the future. 
Additionally, a sequenced and annotated genome of X. borealis will allow for more 
thorough and conclusive analysis regarding homeolog retention/loss and the genomic 
changes contributing to differential expression of homeologs.  
 To continue elucidating any potential role of homeologs in developmental 
robustness, we suspect that comparative analysis between organisms of various ploidy 
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levels would be quite informative. Xenopus present the ideal system for this type of 
study because of the range of ploidy levels observed throughout the genus. As we have 
done here with X. borealis and X. laevis, similar experiments could be carried using 
diploid X. tropicalis to compare the response to a genetic perturbation in a diploid 
organism to a tetraploid organism. To address ploidy levels greater than tetraploid, one 
could use the octoploid frogs X. andrei or X. amieti in similar studies. We hypothesize 
that if homeologs are essential for the robust response to genetic perturbations, then a 
diploid organism will be less able to compensate for the same perturbation as a 
tetraploid organism, while an octoploid organism may respond with even more robust 
compensation than a tetraploid.  
 Beyond perturbations of the Notch signaling pathway, other genetic perturbations 
should be similarly explored to determine if our observed responses are unique to Notch 
perturbation. Given the high retention rate and conserved expression patterns of key 
developmental transcription factors (Michiue et al., 2017; Session et al., 2016), 
perturbations of different pathways or perturbations through modulation of different 
pathway components may yield interesting results. 
 In summary, we have shown that X. borealis and X. laevis respond differentially 
to Notch perturbation. Transcriptomic analysis of the response in both species has 
revealed many differences in homeolog expression during the response to the 
perturbation. This represents an intriguing starting point for future research on the 




Chapter 4. Transcriptome of Xenopus andrei, an octoploid frog, during embryonic 
development 
[Note: this chapter is taken almost entirely verbatim from the manuscript of the same 
title at the time of this thesis, which has been submitted to Data in Brief and has the 
following authors: Mark E. Pownall, Ronald R. Cutler, and Margaret S. Saha. RRC 
contributed extensively to all bioinformatics associated with this chapter. Figure 10 and 
associated text are not present in the submitted manuscript, but have been added here. 
Figure 11 has been taken from the supplement submitted with this manuscript and 
added to the main text in this chapter. It is likely that changes will be made to the final 
manuscript based on reviewers’ comments prior to publication.] 
 
4.1. Data 
 Although comparatively less prevalent than in plants, polyploidy in animals 
occurs throughout the amphibian and fish lineages as well as in mammalian tissues 
including heart, placenta, and in pathogenic conditions such as wound healing and 
cancer (Orr-Weaver, 2015; Schoenfelder and Fox, 2015). The publication of the 
completed tetraploid Xenopus laevis genome (Session et al., 2016) as well as 
associated transcriptome data has presented the possibility of studying comparative 
gene expression in polyploid vertebrate animals. Xenopus andrei is an octoploid (2n = 
72) species (Evans et al., 2015) and provides the unique opportunity to compare 
transcriptomes among a range of ploidy levels in related frogs. We generated RNA-seq 
data at nine developmental time points and produced a draft assembly of the 
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transcriptome. The data presented here can be accessed at SRA: SRP134281 for raw 
FASTQ files of all sequencing, and GEO: GSE111639 for assembly of the 
transcriptome. 
 Using Trinity (Grabherr et al., 2011), a de novo assembly of the transcriptome 
was produced by combining all of the sequence data generated from the nine samples 
in this experiment. Statistics of the assembly are summarized in Table 3.  
 
 Table 3. Statistics of X. andrei transcriptome assembly. 
Number of reads used in assembly 341,149,792 
Number assembled bases 849,005,380 
Number of assembled genes 1,023,069 
Number of assembled transcripts 1,650,048 
Assembly GC percent 41.15 
Contig N50 631 
Contig Ex90N50 1215 





A filtered transcriptome assembly was also generated using a minimum transcript 
per million (TPM) threshold of 2 to filter out lowly expressed transcripts in the initial de 
novo assembly. This is because many assembled transcripts lacked read support, 
meaning that paired-end reads did not concordantly align to the transcriptome. The 
alignment rate to the assembled averages 82% alignment (Fig. 8). This has been 
observed by others (Chopra et al., 2014; Sánchez-Sevilla et al., 2017) when using 
Trinity to assemble polyploid transcriptomes. The filtered assembly consists of 149,471 
transcripts and 100,936 genes, representing 9.06% and 9.86% of the transcripts and 
genes, respectively, in the initial de novo assembly. Data including TPM abundance 
measures, genes from the transcriptome assembly, and the filtered transcriptome 
assembly are available as supplementary files. While the tetraploid Xenopus laevis 
genome has approximately 46,000 genes (Session et al., 2016), our filtered assembly 
contains approximately twice as many genes in octoploid Xenopus andrei.  
To provide additional comparative data, X. laevis v9.2 and X. tropicalis v9.1 
reference genomes were downloaded from Xenbase.org (Karimi et al., 2018). At each 
developmental stage, RNA-seq reads were aligned to both reference genomes. X. 
andrei reads align to the X. laevis reference on average at 82% and to the X. tropicalis 
reference on average at 57% (Fig. 9). Similarly to X. borealis, a probe targeting X. laevis 




Figure 9. X. andrei read alignment to X. laevis and X. tropicalis reference 
genomes. Overall alignment rate to X. laevis and X. tropicalis. X. andrei. RNA-Seq 
reads at each of the indicated stages were aligned to X. laevis and X. tropicalis 
reference genomes. 
 
Figure 10. tubb2b expression in X. andrei. Embryos following in situ hybridization 
using the X. laevis tubb2b probe and expression patterns are consistent with X. laevis at 
neurula and tadpole stages. Abbreviations: i/m: intermediate/medial longitudinal stripes 
of neurogenesis; fb: forebrain; e: eye; mb: midbrain; hb: hindbrain; sc: spinal cord. 
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4.2. Experimental Design, Materials and Methods 
4.2.1 Animal usage 
All animal care and use was approved by the College of William and Mary 
Institutional Animal Care and Use Committee (IACUC). Mating was induced by 
subcutaneous injection of human chorionic gonadotropin (hCG) as described by Sive et 
al. (Sive et al., 2000). Embryos were collected and dejelled in basic 2% cysteine for five 
minutes. After dejelling, embryos were washed three times in 0.1X Marc’s Modified 
Ringers (MMR) with 50 µg/ml gentamicin. Embryos were then reared in 0.1X MMR + 
gentamicin at room temperature (22ºC) until the desired stage was reached. All staging 
was based on equivalent Nieuwkoop and Faber (Nieuwkoop and Faber, 1994) Xenopus 
laevis stages.  
 
4.2.2 Sample preparation and RNA extraction 
At stages 0 (unfertilized egg), 10 (early gastrula), 12 (gastrula), 18 (neurula), 25 
(tailbud), 30 (hatching), 35 (swimming tadpole), 38 (swimming tadpole), and 40 
(swimming tadpole), groups of five embryos were flash frozen in liquid nitrogen and 
stored at -80ºC. RNA was extracted by homogenizing embryos in 600 µl TRI reagent 
(Ambion) then dividing the homogenate equally between two tubes. Extraction was then 
carried out using 60 µl of chloroform. This partially separated mixture was spun down in 
a Phase Lock Gel Heavy tube (QuantaBio) and RNA was then purified using the 
MagMAX™- 96 for Microarrays (Thermo Fisher Scientific) kit according to the 
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manufacturer’s instructions. RNA quality and yield was assessed by spectrophotometry 
(NanoDrop®) and agarose gel electrophoresis. 
 
4.2.3 RNA-seq 
Total RNA samples were shipped to OMRF where libraries were generated using 
the Illumina TruSeq Stranded rRNA depletion Library Prep kit. Library quality was 
confirmed with Kapa qPCR and Agilent TapeStation prior to sequencing with an Illumina 
HiSeq 3000.  
 
4.2.4 Transcriptome analysis and de novo assembly 
 Raw reads were first analyzed by FastQC (Andrews, 2010) for per base 
sequence quality. Reads were then aligned using Hisat2 with relaxed parameters (Kim 
et al., 2015) to the Xenopus laevis reference genome, and alignment files were used to 
infer read strandedness using RSeQC (Version 2.6.4) (X. Li et al., 2015). Trimmomatic 
(Version 0.36) (Bolger et al., 2014) was used to trim Illumina Truseq paired-end 
adaptors and bases with phred quality scores less than five. De novo transcriptome 
assembly was performed using Trinity (Version 2.4.0) (Grabherr et al., 2011) with all 
reads from the nine samples run on a high performance computing cluster with settings 
to normalize read coverage to 50X and minimum of 2 k-mers to be assembled by the 
Inchworm module. Raw reads were then mapped back to the de novo assembled 
transcriptome using Bowtie2 (Version 2.3.4.1) (Langmead and Salzberg, 2012) with 
default parameters to assess for assembly quality and RNA-Seq read representation 
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(Fig. 11). Transcript isoforms were collapsed into ‘genes’ to construct a genome-like 
reference using the Trinity SuperTranscripts module. Transcript abundance 
quantification was performed with Salmon (Version 0.8.2) (Patro et al., 2017) and 
transcripts were then filtered using a minimum TPM threshold of 2 using the Trinity 




Figure 11. Alignment rate of RNA-seq reads to de novo assembled transcriptome. 
Alignment rates for each sample are shown.  
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Chapter 5. Visualizing spatial expression of specific homeologs in situ 
5.1 Introduction 
 Although high-throughput RNA-seq can reveal the nuances of homeolog 
expression levels at the global level and in micro-dissected tissues (Michiue et al., 2017; 
Plouhinec et al., 2017; Popov et al., 2017; Session et al., 2016), these approaches lose 
most spatial information. There have been few attempts to visualize homeologous 
transcript localization through traditional in situ hybridization methods (Harland, 1991; 
Sive et al., 2000) because the high sequence homology commonly observed between 
homeologs presents a challenge for specificity in detection (Hellsten et al., 2007; Ochi 
et al., 2017b, 2017a). To overcome this, some have used transgenic reporters driven by 
the promoters of each homeolog to uncover differences in expression (Ochi et al., 
2017a; Session et al., 2016; Tanaka et al., 2017). These approaches still present 
challenges given that not all homeologs have sufficient sequence diversity to allow 
targeting with traditional probes; and construction of reporter constructs is time-intensive 
and remains a challenge to validate that reporter expression recapitulates endogenous 
expression.  
 To overcome these challenges, we have adopted two more recent in situ 
hybridization techniques, BaseScopeTM and Hybridization Chain Reaction (HCR v3.0), 
which both utilize relatively short probe sequences and antibody-free amplification 
(Baker et al., 2017; Choi et al., 2018, 2016, 2014, 2010; Shah et al., 2016; Trivedi et al., 




5.2 Materials and Methods 
5.2.1 BaseScopeTM Assay 
 Fixed albino embryos were obtained as described in section 2.2. Embryos were 
cryosectioned as described in Appendix 1, with the following alterations: Optimal Cutting 
Temperature compound (OCT) was used in place of Tissue Freezing Medium; 
Superfrost Plus slides (Fisher Scientific) were used in place of gelatin subbed slides; 
and cover slips were mounted with VectaMount (Vector Labs) rather than Fluoromount 
G. Slides were stored at -80ºC immediately after sectioning. The BaseScopeTM assay 
(Advanced Cell Diagnostics) was then carried out following the manufacture’s protocol 
using probes designed to target either ttyh1.S or ttyh1.L. All images were acquired 
using a Nikon Ni-Eclipse microscope and Nikon DS-Ri2 camera. Global image 
adjustments were made using Adobe Photoshop CC to correct brightness, contrast, and 
color balance. 
 
5.2.2 in situ Hybridization Chain Reaction v3.0 
Fixed albino embryos were obtained as described in section 2.2. Embryos were 
cryosectioned as described in Appendix 1, with the following optional alterations: 
Optimal Cutting Temperature compound (OCT) was used in place of Tissue Freezing 
Medium; Superfrost Plus slides (Fisher Scientific) were used in place of gelatin subbed 
slides; and cover slips were mounted with SlowFade Gold (Thermo Fisher Scientific) 
rather than Fluoromount G. Slides were washed for two min. in 1X PBS to remove OCT, 
then washed twice for five min. in 1X PTw prior to a 30 minute digestion in 10 µg/mL 
	
	 64	
proteinase K to permeabilize the samples. Slides were washed twice for five min. in 1X 
PTw to remove residual proteinase K, then washed twice for five min. in 0.1M 
triethanolamine, followed by a third wash in triethanolamine with the addition of acetic 
anhydride to reduce non-specific probe binding. Next, samples were re-fixed in 4% 
paraformaldehyde for 20 min. The remainder of the protocol was followed according to 
the manufacturer’s protocol for HCR v3.0 (Molecular Instruments). Probes and 
amplifiers used are as follows: HDAC1.L: eight split-initiator probes with B1 amplifier 
and Alexa488; HDAC1.S: seven split-initiator probes with B2 amplifier and Alex546; 
ttyh1.L: four split-initiator probes with B1 amplifier and Alexa546; ttyh1.S: six split-
initiator probes with B2 amplifier and Alexa647. All images were captured using a Nikon 
A1R inverted confocal microscope with lasers emitting at the following wavelengths: 404 
nm (DAPI), 488 nm (Alexa488), 561 nm (Alexa546), and 639 nm (Alexa647). Images 
shown in Fig. 12 and Fig. 13 have background subtracted using the Nikon Elements 
background subtraction tool and global image adjustments were made using Adobe 
Photoshop CC to correct brightness, contrast, and color balance. 
 
5.3 Results 
 These next-generation in situ hybridization methods have not been rigorously 
tested or published in X. laevis, much less used to detect specific X. laevis homeologs, 
to the best of our knowledge. We have used them to successfully show differential 
spatial expression of X. laevis homeologs in situ.  
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 HDAC1 (Histone deacetylase 1) is a chromatin modifier expressed in the 
developing nervous system of X. laevis (Zhang et al., 2017). RNA-seq revealed 
differences in expression levels of HDAC1.L and HDAC1.S (Session et al., 2016), so we 
set out to visualize spatial expression patterns of the two homeologs using HCR v3.0. 
We were able to visualize the two homeologs with specificity, which has revealed what 
appears to cell-to-cell variability in expression, but not tissue-specific changes in 
homeolog expression (Fig. 12). 
 
Figure 12. HDAC1.S and HDAC1.L expression detected with HCR v3.0. 
Representative images of the neural tube in a transverse section through the hindbrain 
region of a swimming tadpole stage embryo. HDAC1.S visualized with Alexa546, 
HDAC1.L visualized with Alexa488. N=1. 
 
 We next chose to investigate the expression patterns of ttyh1 (tweety) 
homeologs. The tweety family of genes code for chloride channels and are expressed 
throughout the developing nervous system of X. laevis (Halleran et al., 2015). Ttyh1 
homeologs are expressed at different levels throughout development (Session et al., 
2016), and ttyh1.S, but not ttyh1.L, is differentially expressed in response to Notch 
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hyperactivation in neurula stage X. laevis embryos (ADH, unpublished). We were able 
to detect ttyh1.S and ttyh1.L using both HCR v3.0 and BaseScopeTM, which provided 
consistent results between the two methods (Fig. 13). Notably, in the midbrain region of 
swimming tadpole stage embryos, ttyh1.S appears to be less expressed in the 
ventricular zone of the neural tube, but more strongly expressed in the developing eye 
(Fig. 13). Contrastingly, ttyh1.L appears more highly expressed in the ventricular zone 
than the eye. Robust multiplexing with HCR v3.0 shows colocalization of ttyh1.S and 
ttyh1.L in the ventricular zone of the neural tube, but little colocalization is visible in the 
eye (Fig. 13A). Although multiplexing is not currently possible with BaseScopeTM, 




 As polyploidy continues to be investigated in X. laevis, homeolog expression is of 
fundamental interest. While bulk RNA-seq has been used to produce tissue-specific 
expression profiles of homeologs in adult animals (Session et al., 2016), whole-embryo 
expression levels throughout development (Session et al., 2016), as well as in different 
regions of the embryo during development (Ding et al., 2017), single-cell level specificity 
of homeolog expression with full spatial context has not yet been achieved.  
We have now demonstrated the ability of two new in situ hybridization 
technologies to detect homeologs in situ, which has revealed differences in spatial 




Figure 13. Detection of ttyh1.S and ttyh1.L with HCR v3.0 and BaseScopeTM 
assays. Transverse sections through the midbrain of swimming tadpole stage embryos 
reveal differential spatial expression of ttyh1 homeologs. HCR v3.0 (A) (n=1) and 
BaseScopeTM (B) (n=2) provide consistent expression patterns for ttyh1.S and ttyh1.L. 
Abbreviations: mb, midbrain; e, eye. 
 
been used in numerous organisms, they have not yet been widely adopted for use in 
Xenopus. This may be partially due to cost as these kits are relatively expensive, but 
the results shown here are quite satisfactory.  
 Further, both methods claim the ability to quantify transcripts at the single-
molecule level (Baker et al., 2017; Choi et al., 2018; Shah et al., 2016). While we have 
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not yet attempted this quantitative analysis ourselves, this will likely prove to be 
invaluable for coupling quantitative expression levels with spatial expression patterns of 
homeologs. HCR v3.0 also provides the possibility for quantifying relative abundance of 
transcripts in multiplexed samples (Choi et al., 2018; Trivedi et al., 2018), which would 
be wonderful for quantifying relative expression levels of homeolog pairs. 
 We anticipate that demonstrating the successful use of these methods here will 
serve as starting point for the more widespread use of them in the Xenopus community 
as the field begins to approach questions of homeolog expression with a combination of 
quantitative and spatial expression data. 
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Chapter 6. Conclusions 
 In summary, we have demonstrated that X. laevis responds to hyperactivation 
and inhibition of the Notch signaling pathway in a robust, compensatory manner. This is 
achieved through changes in the proliferative status of neural progenitors and 
differentiated neurons. While we use the paradigm of unilaterally injected embryos to 
allow the unperturbed half of embryos to be used as an internal control, bilaterally 
injected embryos have revealed a more complex role for the uninjected side in the 
compensatory response. While embryos in which Notch signaling is hyperactivated 
bilaterally are unable to compensate, bilateral inhibition of Notch signaling is a condition 
in which embryos are able to compensate and recover.  
 To further address the compensatory response and identify potential 
mechanisms, the lab performed RNA-seq on Notch perturbed X. laevis embryos which 
illuminated the potential role of homeologs in this response. Many homeolog pairs were 
shown to be differentially expressed within experimental conditions, demonstrating 
homeolog expression bias. Further, homeolog bias was found to change in response to 
these perturbations. We chose to compare the response to Notch signaling perturbation 
in X. laevis with that of X. borealis as an approach for investigating the role of polyploidy 
and homeologs in robust responses to genetic perturbations.  
 First, we demonstrated that X. borealis respond to Notch signaling 
hyperactivation with a decrease and delay in neuronal differentiation which recovers 
overtime, like X. laevis, but X. borealis also consistently exhibit morphological defects 
through curvature in the spine and more general neural tube defects. More similarly to 
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X. laevis, X. borealis respond to Notch signaling inhibition with an expansion of neuronal 
differentiation at earlier stages, but recover over time without experiencing 
morphological deformities.  
 RNA-seq of Notch perturbed X. borealis highlights the differences in global 
transcriptomic response between the two species. While X. borealis seem to lack some 
of the compensatory abilities observed in X. laevis following Notch hyperactivation, they 
notably also lack the large spike in differential gene expression at the tailbud stage. 
Therefore, we suspect that critical steps for the successful compensation may be 
occurring in X. laevis around this developmental time point. Additionally, these data 
reveal many similarities in homeolog expression bias between the two species. This 
could potentially implicate polyploidy and expanded genetic redundancy as key players 
in developmental robustness.  
 To contribute to the field of Xenopus transcriptomics as polyploidy continues to 
be investigated, we have assembled de novo transcriptomes for X. borealis and X. 
andrei, which currently have no reference genome or transcriptome available. We have 
made the X. andrei transcriptome publicly available on the Gene Expression Omnibus 
database to facilitate its use by others. We hope to perform similar experiments of 
Notch perturbation in X. andrei  or other octoploid species, such as X. amieti, to allow 
for a comparative analysis of the transcriptomic response to a genetic perturbation 
across a range of ploidy levels. 
 In the –omics era, high-throughput bulk RNA-seq is widely used and has 
provided a wealth of information which has enabled much of the current research 
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regarding homeolog expression in X. laevis. However, RNA-seq largely foregoes the 
spatial aspect of gene expression, which is arguably as, if not more, important than 
expression levels alone. Given the challenges of detecting homeologous transcripts with 
specificity using traditional in situ hybridization techniques, we have shown the 
capability of two recent techniques to detect homeologs in situ in X. laevis. Analysis of 
expression patterns of two pairs of homeologous genes show that homeologs may vary 
in spatial expression on a cell-by-cell basis, or at the tissue-type level. This is an 
exciting starting point for spatial analysis of homeolog expression, which will hopefully 
soon become quantitative as well given the capabilities of BaseScopeTM and HCR v3.0 
for quantitative analysis.  




7. Appendix 1 
Histological observation of teratogenic phenotypes induced in frog embryo 
assays 
[Note: This chapter is taken word-for-word from the corresponding chapter in Methods 
in Molecular Biology – Teratogenicity Testing, which has been accepted and is 
expected to be in print May 2018. This volume was edited by Luís Félix and this chapter 
authored by Mark Pownall and Margaret Saha.]  
 
1. Introduction 
The frog embryo has served as an outstanding model organism for addressing 
significant problems in cell and developmental biology and has led to seminal 
discoveries in the areas of cell cycle regulation, cellular reprogramming and neural 
induction and patterning, axon pathfinding, and regeneration, to name a few (Karpinka 
et al., 2015; Sive et al., 2000). In addition, the amphibian model system has been a 
particularly important model for toxicology studies (Dumont et al., 1983; Fort and Paul, 
2002). Xenopus, the frog genus most commonly employed, lends itself to teratogenicity 
testing based on a number of key attributes. Thousands of fertilized eggs are routinely 
obtainable from a single mating and external fertilization allows experimenters to access 
the earliest stages of development. Embryos are large, with eggs being greater than 
one millimeter in diameter, permitting easy manipulation and observation. The long 
history of embryological studies at both the cellular and molecular level, and the 
availability of sequenced genomes of both Xenopus tropicalis and Xenopus laevis make 
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comparative teratogenicity studies extremely powerful (Karpinka et al., 2015; Sive et al., 
2000). Moreover, Xenopus embryos have been widely used as a tool for straightforward 
screening of potential teratogens, as described in the Frog Embryo Teratogenesis 
Assay: Xenopus (FETAX) (Dumont et al., 1983; Fort and Paul, 2002). Although a widely 
used assay, FETAX relies on survival and pervasiveness of primarily structural 
abnormalities seen in live embryos to determine the presence and level of 
teratogenicity. However, many teratogens have more subtle phenotypes that are not 
discernible at the level of the whole embryo but rather require assessing changes at a 
finer resolution at the tissue and cellular level. Certain teratogenic effects can be 
detected much earlier with the aid of molecular markers assayed on the cellular level, 
thus making histological analysis an invaluable tool for more detailed observation and 
characterization of teratogenicity testing results.  
In order to observe tissues in sufficient histological detail, the sections require 
some stain to provide contrast and detail, of which there are three general categories. 
Vital dyes (cresyl blue (Hausen and Riebesell, 1991), hematoxylin and eosin (Fischer et 
al., 2008), and others) are used to enhance tissue detail, while fluorescent stains (DAPI 
(Kapuscinski, 1979), and many more) are useful for their ability to target specific 
organelles and cellular features. However, assays for gene expression and molecular 
markers provide the most information given that alterations in gene expression often 
serve as early indicators of a teratogenic effect. In situ hybridization can be carried out 
in whole-mount as described by Sive et al. (Sive et al., 2000) to assess mRNA 
expression (see Note 1).  Protein localization can be visualized with whole-mount 
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immunocytochemistry as described by Lee et al. (Lee et al., 2008) or 
immunohistochemistry can be performed on sectioned samples according to Brown et 
al. (Brown et al., 2005). Fluorescent and chromogenic assays can be used in 
combination as described by Vize et al. (Vize et al., 2009).  
Following the assay of choice, embryos must be sectioned using the most 
appropriate embedding medium and plane of sectioning. Embedding in paraffin is the 
most common method because it is straightforward and suitable for general brightfield 
microscopy as described by Sive et al. (Sive et al., 2000) and with our modifications 
detailed below. Embedding in plastic resin, detailed by Hausen and Riebesell (Hausen 
and Riebesell, 1991) and Sive et al. (Sive et al., 2000), is a more complex method well-
suited for analyzing intracellular morphology, but is not ideal for experiments requiring a 
large sample size due to its time intensive nature. In our experience, cryosectioning with 
embryos embedded in Tissue Freezing Medium, as carried out by Halleran et al. 
(Halleran et al., 2015), has proven the most versatile sectioning method due to the 
wonderful preservation of cell and tissue morphology and superb performance under 
brightfield and fluorescence microscopy and imaging.  
Following all assays and sectioning, the sections must be imaged appropriately 
for the assay used, the specifics of which will vary immensely across each specific 
assay, microscope, camera, and software system. Teratogenic phenotypes are best 
detected by comparing the histological morphology and gene expression of 
experimental embryos to normally developed embryos of the same stage. As a 
reference for normal histological morphology throughout development, Hausen and 
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Riebesell’s The Early Development of Xenopus Laevis: An Atlas of the Histology 
(Hausen and Riebesell, 1991) is an excellent resource. For more detailed analysis, cell 
morphology and tissue structure can be qualitatively scored in histological sections of 
experimental and control embryos, as performed by Bonfanti et al. (Bonfanti et al., 
2004), while quantitative analysis can include measurements of cell shape, size, 
number, and distribution, which can be easily obtained with image analysis tools, such 
as ImageJ (Schindelin et al., 2015). Gene expression can be qualitatively analyzed by 
comparing expression between experimental and control embryos and examining the 
sections for any ectopic or perturbed expression in the experimental sections, using 




Histological observation is performed with a compound microscope and a high 
resolution camera coupled to a software system to capture images. For chromogenic 
assays and stains, brightfield imaging is appropriate. Assays including fluorescent color 
reactions can be visualized either with epifluorescence or on a confocal microscope. 
Confocal microscopy is generally preferred when available because background 
fluorescence from out of focus planes is greatly diminished in comparison to 
epifluorescence (White et al., 1987).  
Be sure to adhere to all hazardous waste disposal guidelines and regulations 
when disposing of materials. 
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2.1 Paraffin Sectioning  
1. Microtome. 
2. Paraffin heater. 
3. Paraffin oven. 
4. Slide warmer. 
5. Paraplast X-TRA® Paraffin (Sigma-Aldrich).  
6. 10x Phosphate Buffered Saline (PBS): Fill a 1 L glass cylinder with 800 mL of 
ultrapure (18 mΩ) H2O. Add all of the dry ingredients: 2 g potassium chloride 
(KCl) [0.027 M], 80 g sodium chloride (NaCl) [1.37 M], 2.7 g potassium 
phosphate, monobasic (KH2PO4) [0.02 M], and 14.2 g sodium phosphate, dibasic 
(Na2HPO4 · 2H2O ) [0.08 M]. Cover the cylinder tightly with parafilm and invert 
until mixed. Bring the volume to 1 L with ultrapure H2O. Adjust pH to 7.4 with 1N 
NaOH or 1N HCl as needed. Pour the solution into glass bottles, autoclave on 
liquid cycle, and store at room temperature (see Note 2). 
7. 1x PBS: Add 100 mL 10x PBS to a 1 L glass cylinder. Bring volume to 1 L with 
ultrapure H2O. Cover the cylinder tightly with parafilm and invert several times to 
mix. Bring the pH to 7.4 with 1N NaOH or 1N HCl as appropriate. Pour the 
solution into glass bottles and store at room temperature. 
8. 100% ethanol. 
9. 100% xylene. 
10. Embedding boats. 
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11. Mayer’s Albumin Adhesive: Separate the whites from the yolks of two large 
chicken eggs and place into a beaker and beat with a lab spatula to mix until the 
solution is homogenous. Transfer the beat egg whites to a 250 mL graduated 
cylinder and measure the volume. Add an equal volume of 100% glycerol to the 
cylinder. Cover with parafilm and invert to mix until homogenous. Measure the 
total volume and add 1/100th volume of 37% formaldehyde. Cover with parafilm 
and invert repeatedly until well mixed. Transfer the solution to a glass bottle and 
store at 4ºC.  
12. Slides subbed with Mayer’s Albumin Adhesive: Place 1 drop of Mayer’s Albumin 
Adhesive onto the surface of a slide and spread evenly with a Kimwipe. Place the 
slide on a warmed hotplate inside a fume hood for 5-6 seconds, until the slide 
begins to stop steaming. There should be no brown residue on the slide as this 
means the coating has been burnt or applied incorrectly (Fig. 14A). Remove the 
slide from the hotplate and cool at room temperature. Slides can be coated a box 
at a time and then stored for future use. 
13. CitriSolvTM (Fisher).   
14. Fluoromount-G® (Southern Biotech). 
15. Clear nail polish. We use Sally Hansen Xtreme Wear Invisible, although any hard 





2. 1.6 M Sucrose: Measure 27.36 g of sucrose into a 50 mL centrifuge tube. Fill to 
50 mL with 1x PBS and mix until homogenous. Store at 4ºC. 
3. Tissue Freezing Medium (TFM) (Triangle Biomedical Sciences). 
4. Gelatin coated slides: Measure 0.15 g Knox brand gelatin into a 50 mL centrifuge 
tube. Fill to 50 mL with sterile ultrapure H2O. Invert to mix, then place the tube in 
a beaker of hot tap water until the gelatin is completely dissolved. Add 0.025 g 
chromium potassium sulfate (CrK(SO4)2) [1.8 mM] to the tube and dissolve 
completely by inverting the tube.  Dip the slide into the tube while holding it by 
the frosted end. Remove the slide and place it frost-side down vertically in an 
open slide box to dry overnight. This can be done for an entire box of slides at a 
time. Cover the slides by carefully draping a large Kimwipe over them when the 
last slide is set to dry. Repeat this process the next day using freshly made 




3.1 Paraffin sectioning (based on Sive et al. (Sive et al., 2000)) 
1. Melt the paraffin either in a paraffin heater or glass beaker in a paraffin oven. 
This can take up to two hours, but one can proceed with the dehydration washes 
while the paraffin melts.  
2. Begin with fixed embryos stored in glass vials filled with 1x PBS (see Note 3).  
3. Dehydrate the embryos with four washes as follows (see Note 4): 
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a. Wash 15 min in a solution of 75 % 1X PBS / 25% ethanol. 
b. Wash 15 min in a solution of 50 % 1X PBS / 50% ethanol. 
c. Wash 15 min in a solution of 75 % 1X PBS / 25% ethanol. 
d. Wash 15 min in 100% ethanol. 
4. Wash for 15 min in a solution of 50% ethanol / 50% xylene. Invert the tube gently 
to mix and incubate vertically. Do not nutate (see Note 5). 
5. Wash for 15 min in 100% xylene. Invert the tube gently to mix and incubate 
vertically without nutation. 
6. Transfer single embryos into individual embedding boats (see Note 6). 
7. Turn on the paraffin oven and set the temperature to 60ºC. 
8. Wash embryos in the boats with a solution of 50% xylene / 50% paraffin. It is not 
necessary to use a prepared solution, but rather one can simply fill the boat 
halfway with xylene, then fill to the top with paraffin. Then place the boat in a 
metal tray in the paraffin oven for 15 min (see Note 7). 
9. Remove the xylene/paraffin solution from the boat and fill the boat with 100% 
paraffin. Incubate the boat in a metal tray in the paraffin oven for 2 h. 
10. Carefully remove all of the paraffin from the boat and refill the boat with fresh 
paraffin. Incubate the boat in a metal tray in the paraffin oven for 2 h (see Note 
8). 




12. The embryo must now be oriented for sectioning. For transverse sections along 
the anterior-posterior axis, manipulate the embryo with a metal probe to orient 
the head pointing straight down, and the tail straight up. This must be done 
quickly but gently as the paraffin in the bottom of the boat will solidify quickly (Fig. 
14B). Make a mark on the block where the dorsal side of the embryo is located 
(see Note 9). 
13. Allow the paraffin block containing an oriented embryo to harden at room 
temperature for at least 18 h. 
14. Take the solid paraffin block and carefully peel away the plastic boat (see Note 
10). 
15. Mark the dorsal side of the embryo again, but directly on the paraffin block this 
time. 
16. Affix the paraffin block to a wooden mount by melting the bottom (the widest part) 
and lower sides of the block flat with a flat spatula that has been heated in the 
flame of a Bunsen burner and then firmly press the melted paraffin into the 
wooden mounting block (Fig. 14C). 
17. Trim the paraffin block with a sharp razor blade so that the embryo is only 
surrounded by about 1-2 mm of paraffin on each side. It is important to make the 
sides of the block as parallel as possible in order to prevent ribbon curling while 
sectioning (Fig. 14D). 
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18. Mount the block onto the microtome with the dorsal side pointing either left or 
right as this will produce transverse sections with the dorsal side of each section 
nicely oriented for later imaging. 
19. Set the blade of the microtome so that the face of the block is at a 45º angle to 
the blade and perpendicular to the bench top (Fig. 14E). 
20. Align the block with the blade and move the blade until it is 1-2 mm away from 
the face of the block. 
21. Begin advancing the block and commence sectioning. Optimize sectioning 
conditions on the empty paraffin before the embryo is reached. 
22. Mount a ribbon of paraffin sections onto a Mayer’s Albumin Adhesive subbed 
slide by spreading about 2 mL of sterile ultrapure H2O on the surface of the slide 
and then placing the ribbon into the water on the slide. 
23. When the slide is full, place it on a slide warmer set to 40ºC and allow the slide to 
set overnight until all the water is completely evaporated and the paraffin lays flat 
on the slide (Fig. 14F). 
24. Slides can be coverslipped after they have dried completely. 
25. Submerge slides in CitriSolvTM for 3-5 min. 
26. Remove from CitriSolvTM and blot the back and sides of each slide. Then 
submerge in sterile ultrapure H2O for 1 min to wash away residual CitriSolvTM. 
27. Blot the slides, then add 4 drops of Fluoromount-G® to the surface of the slide 
and apply coverglass, being careful to avoid bubbles.  






Figure 14. Paraffin sectioning. A) Example of slide incorrectly subbed with Mayer’s 
albumin adhesive. Any brown color on the slide (arrow) is an indication that the 
adhesive has burned. (B) Paraffin has hardened too much to continue orienting (arrow). 
Re-melt the block and try again (see note 8). (C) Paraffin mounted to wooden block 
before being trimmed. (D) Carefully trim the paraffin block using a razor blade (arrow). 
(E) Block mounted to microtome. Note the 45º angle of the blade relative to the block 
(arrow). The paraffin block has been trimmed within 1-2 mm of the embryo and kept 
roughly square to yield good ribbons (arrow head). (F) Ribbons on a slide after drying. 
Note that the ribbons are straight and aligned well on the slide (arrow). (G) Applying nail 
polish border while coverslipping. Gently paint the nail polish around the border 
between the coverglass and slide on all sides (arrow). 
 
29. Permanently seal the slides by applying clear nail polish in a border around the 
coverslip (Fig. 1G). Let the slides dry overnight.  
30. Slides are now ready for imaging or storage. 
 
3.2 Cryosectioning 
1. Begin with fixed embryos stored in glass vials filled with 1x PBS. 
2. Cryoprotect the embryos by fixing in 1.6 M sucrose at 4ºC for at least 12 hours 
(see Note 11). 
a. Transfer up to 5 embryos to a 5 mL microcentrifuge tube, minimizing 1x 
PBS transfer. 
b. Remove as much transferred 1x PBS as possible using a P200 pipette.  
c. Fill the tube with 3 mL of 1.6 M sucrose. 
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d. Wait for embryos to settle to the bottom of this dense solution. This may 
take 15-20 min.  
e. Store at 4ºC. 
3. Turn on the cryostat and ensure that it cools down to approximately -20ºC while 
embryos are fixed in TFM. 
4. Fix embryos in TFM by transferring a single embryo to a 1.5 mL microcentrifuge 
tube with minimal 1.6 M sucrose transfer. Remove as much transferred 1.6 M 
sucrose as possible using a P200 pipette. Fill the tube halfway with TFM 
ensuring that there are no air bubbles in the tube. Incubate for 2 hours at room 
temperature, then proceed to embedding or store at -20ºC for up to 2 weeks, or -
80ºC indefinitely (see Note 12). 
5. Tape molds can begin to be prepared while embryos are TFM fixing (see Note 
13). 
a. Take a 3-4 cm piece of colored lab tape (white tape makes orientation 
difficult) and make a cylinder out of it. This can be done by wrapping the 
non-adhesive side around the narrow end of a paintbrush (Fig. 15A). The 
diameter of the tape roll should be such that it fits between the smallest 
and next smallest rings of the metal chuck (Fig. 15B).  
b. Place the tape cylinder upright on the center of the chuck and surround it 
with a circle of TFM. The TFM should cover almost the entire chuck and 
surround the tape (Fig. 15C). 
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c. Place the chuck with tape mold into the cryostat to allow the TFM to 
freeze. If the cryostat is equipped with a quick-freeze plate, use it to freeze 
the chuck (Fig. 15D). 
d. After the base of TFM is frozen solid, take the chuck out of the cryostat 
and slowly fill the cylinder of tape with TFM until it is about ¾ full (Fig. 
15E). It is critical that there are no air bubbles in the TFM at this point. 
They will compromise the structure of the mold, potentially causing it to 
snap apart during sectioning. 
e. Return the chuck to the cryostat and allow the filled mold to freeze solid. 
6. Embedding embryos in TFM can be tricky and must be done quickly and with 
precision.  
7. Using a metal probe at room temperature, maneuver the embryo to the top of the 
tube. Retrieve the tape mold from the cryostat. Now scoop the embryo from the 
tube with the probe and hover it over the tape mold. Begin to squeeze TFM onto 
the embryo and allow it to fall from the probe into the tape mold. 
8. As quickly and gently as possible, orient the embryo with the head pointing 
straight up and return the chuck to the cryostat quick-freeze plate. Make a mark 
on the frozen TFM on the base of the chuck to note the dorsal side of the embryo 
(Fig. 15F). Monitor the freezing process as the embryo may need to be held into 
place with the probe as it freezes.  
9. If the top of the embryo is visible after the mold is frozen, add a small amount of 
TFM to the top of the mold and wait for it to freeze. 
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10. Carefully remove the tape surrounding the frozen TFM of the mold using cold 
forceps that have been stored in the cryostat (Fig. 15G).  
11. Immediately apply a stabilizing ring of TFM to the mold where the tape was 
removed and freeze again. This ring should go up to at least ¼ of the height of 
the TFM cylinder containing the embryo (Fig. 15H). 
12. Move the chuck to the microtome and lock it into position with the dorsal side of 
the embryo pointing straight up (Fig. 15I). Allow the embryo to equilibrate for 15-
20 min before beginning sectioning. We typically set the blade to -19ºC and the 
chuck to -20ºC, but these setting can vary. 
13. Move the blade to within 1-2 mm of the mold and begin sectioning. Use the 
empty part of the mold to optimize the anti-roll plate and ensure that sections of 
TFM are being cut without tearing or curling. This can be difficult and can vary 
depending on the temperature of the blade and chuck, the ambient temperature, 
humidity, and other environmental factors (see Notes 10 and 14). 
14. When the embryo is reached, ensure that the section thickness is correct and the 
gelatin coated slide is labelled and ready. 
15. Each section should be individually taken off the blade with a cold tool, such as a 
metal probe, forceps, broken glass Pasteur pipette, or small paintbrush, after 
lifting the anti-roll plate. After grabbing the section with the tool, place it 
immediately on the slide held in the other hand. A finger should be underneath 
the slide in the area one wishes to place the section. This keeps the slide warm 
enough to quickly melt the TFM section onto the slide (Fig. 15J).  
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16. Continue this process for each section. It is critical that the TFM from the 
following sections do not overlap with each other at all on the slide. This will 
prevent adherence between the section and slide, causing sections to fall off 
during coverslipping.  
17. When the slide is filled, dry it at room temperature for at least 18 h before 
coverslipping. 
18. While coverslipping slides, be extremely gentle when submerging the slides as 
sections may fall off. Begin by immersing slides in 1x PBS for 1 min. 
19. Blot the slides and immerse in sterile ultrapure H2O for 1 min. 
20. Blot the slides and submerge in clean 1x PBS for 5 min. 
21. Blot the slides, then add 4 drops of Fluoromount-G® to the surface of the slide 
and apply coverglass, being careful to avoid bubbles.  
22. Allow slides to air dry for 15-20 min. 
23. Permanently seal the slides by applying clear nail polish in a border around the 
coverslip. Let the slides dry overnight.  







Figure 15. Cryosectioning. (A) Making a tape mold. The tape is carefully wrapped 
around the paintbrush to make a cylinder (arrow). (B) The tape fits snuggly around the 
smallest rings of the chuck (arrow). (C) Applying TFM to the tape mold. The tape mold 
is surrounded with TFM, which covers almost the entire chuck (arrow). (D) Freezing the 
tape mold. TFM turns opaque white when frozen (arrow). (E) Tape mold filled with TFM. 
The mold should be filled ¾ full when the TFM is frozen (arrow). (F) Embryo being 
oriented in TFM. The embryo is placed with anterior up (arrow) and dorsal orientation is 
marked on the TFM on the chuck. (G) Removing the tape. The tape is gently peeled off 
of the frozen TFM using cold forceps (arrow). (H) Stabilizing ring of TFM after removing 
tape. Note the coverage of the stabilizing ring (arrow). (I) Chuck mounted in cryostat. 
The dorsal side as previously marked is pointing straight up (arrow). Note the angle of 
the blade (arrow head). (J) Picking up a frozen section. The slide is held with a finger 
underneath the area where the section will be placed to keep the slide sufficiently warm 
(arrow 1). The anti-roll plate is lifted using the slide-holding hand (arrow 2). The section 
is retrieved from the blade using a cold tool (arrow 3) and then quickly placed on the 
slide. 
 
3.3 Identification and Analysis of Teratogenic Phenotypes in Histological Sections 
While space precludes a description of all possible outcomes for every type of 
teratogenicity experiment, this chapter provides a general guide outlining the details of 
several common histological features at a variety of different stages that are often 
disrupted following treatment with a suspected teratogen. For comparative purposes, 
normal histology is nicely detailed in the work of Hausen and Riebesell (Hausen and 
Riebesell, 1991), while data for gene expression is provided on Xenbase.org (Karpinka 
et al., 2015) and the references therein. We strongly urge experimenters to use in situ 
hybridization or immunocytochemistry to best analyze teratogenicity. For any tissue type 
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or feature described below, an associated marker gene can be found for that particular 
structure in Xenbase.org (Karpinka et al., 2015). The use of molecular assays provides 
added detail, increased resolution, and earlier detection of teratogenic phenotypes. 
Although a wealth of additional, more specific, cell types can be assayed, investigating 
the following features in experimental samples will serve as an excellent start when 
assessing teratogenicity. All stages follow the standard Nieuwkoop and Faber staging 
guide for Xenopus (Nieuwkoop and Faber, 1994) with histological features shown and 
described in Hausen and Riebesell (Hausen and Riebesell, 1991). 
1. Fine cell-blastula stage (St. 9): In an animal-vegetal section through the midline, 
the blastocoel roof (the animal cap) should extend across the majority of the 
animal pole and consist of an outer epithelial layer and an inner layer of two to 
three cells. Whereas the animal pole cells are more rounded with spaces in 
between, vegetal cells are larger, flatter and have extensive cell-cell contacts. 
The large blastocoel should not contain loose cells.  
2. Early gastrula stage (St. 10): In a sagittal section through the midline, the 
blastocoel roof should consist of two distinct layers, an outer epithelial layer and 
an inner sensorial layer. The expansion of the blastocoel roof is more 
pronounced on the dorsal side. A clear blastopore groove is evident on the dorsal 
side with bottle cells near the blastopore groove.  
3. Mid-gastrula stage (St. 11.5): A mid-sagittal section should reveal a large yolk 
plug vegetally, with bottle cells surrounding a ventral blastopore groove. 
Involution on the dorsal side extends approximately half way up the embryo with 
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bottle cells defining the tip of the emerging, but very thin archenteron. Cells 
around the dorsal lip are tightly packed with no orderly arrangement. The animal 
cap (cells not underlain by mesendoderm) has now shrunk to half the length of 
early gastrula stages. Cells in the presumptive inner sensorial layer of the 
neuroectoderm become elongated. The blastocoel should be free of cellular 
material.  
4. Neural plate stage (St. 14): In an anterior transverse section, the three germs 
layers and the structures to which they give rise are distinct. A single-cell layer of 
the neuroectoderm (dorsally) and epidermal neuroectoderm (laterally and 
ventrally) form the outer layer of the sectioned embryo. Interior to this is a 
sensorial layer that is a single layer for the epidermal layer and a thickened 
multicellular layer in the neural ectoderm. A central transverse section will show a 
nearly closed neural tube with bottle cells localized to the inside of the neural 
tube. The notochord should be visible at the dorsal midline directly below the 
neural tube and is flanked on both sides by the double-layered somitic 
mesoderm. The lateral mesoderm is also double-layered and is somewhat 
separated from the large ventral endodermal cells. The archenteron should be 
free of cellular material, with a single layer of cells comprising the archenteron 
roof.  
5. Neural Tube Stage (St. 20): A mid-level transverse section should reveal a neural 
tube with elongated ventral floorplate cells and a clear central canal that is 
completely overlain by an epidermal sheet of cells. The notochord remains a 
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delineated oval structure directly below the neural tube, while the presumptive 
somites are visible structures with elongated horizontal cells flanking both the 
neural tube and notochord. The somatic and splanchnic layers of the lateral plate 
mesoderm are distinguishable from each other and from the large cell, ventrally-
positioned, endodermal cells.   
6. Tail bud stage (St. 26): The tail bud is a particularly useful stage for analyzing 
teratogenicity, given that it is sufficiently early to detect early defects but late 
enough to analyze developing organ rudiments. An anterior transverse section 
through the presumptive eye region should reveal a largely elongated forebrain 
with a clear ventricular space and symmetric optic vesicles still attached at the 
ventral surface. More ventrally, loose head mesenchymal cells surround the 
stomodeum (mouth) vesicle, below which lie vertically elongated cement gland 
cells. A more posterior transverse section at the spinal cord level shows a 
roughly circular multicellular layered spinal cord with notochord present 
immediately ventral and well-delineated somites present ventro-laterally. The 
pronephric anlage are also visible as distinct oval structures just ventral to the 
somites.  
7. Following tail bud stages, organogenesis and cell differentiation take place, with 
the cellular structures for virtually all organ systems now present. At these later 
stages, it is advisable to be familiar with the specific structure of interest and use 
tissue and organ specific marker genes to assess teratogenicity using 
histological atlases. Morphological differences can be identified by comparing 
	
	 93	
experimental embryos to sibling control embryos (see Note 15). It is important to 
always have appropriate controls throughout each process.  
8. An example of histological analysis of stage 37 embryos using molecular 
markers and the above described cryosectioning method can be seen in Fig. 16.  
 
Figure 16. Example of histological analysis following developmental mercury 
exposure. Histological analysis of embryos exposed to 1 ppm MeHgCl and sibling 
control embryos. In situ hybridization shows proliferation-marker, xPCNA, expression 
(A, B) while TUNEL assay shows apoptotic cells (C, D). xPCNA expression appears 
mildly diminished in MeHgCl embryos (A) when compared with sibling control embryos 
(B) even though no morphological differences are observed in the histology. MeHgCl 
exposed embryos also show an apparent increase in apoptosis (C) when compared to 
sibling control embryos (D). Abbreviations: mb, midbrain; e, eye. Scale bar is 150 µm. 




1. While performing the assay, signal should be allowed to darken beyond what 
would be appropriate for whole-mount analysis because the signal will be 
noticeably weaker in sections. 
2. Depending on the specific use, it may be best to sterilize only 10x PBS and not 
1x PBS, or to sterilize only 1x PBS and not 10x PBS. Alternatively, autoclaving 
both 10x PBS and 1x PBS may be best.  
3. If embryos are stored in 100% ethanol, the dehydration is not necessary and can 
be skipped. 
4. Fill vials to the top with solution and nutate horizontally. 
5. For all xylene washes, it is important to completely remove all xylene as residual 
xylene will make sectioning impossible. 
6. Label embedding boats with Sharpie markers because xylene washes of many 
common lab markers. 
7. This wash may be as long as 30 min, but no longer. Extended time in xylene 
makes sectioning more difficult, but it is essential to wait for the paraffin to melt 
completely at this step before proceeding. 
8. Proceed with only one boat at a time for steps 11 and 12 as paraffin solidifies 
rapidly. 
9. If the embryo is not properly oriented at this stage, the boat can be placed back 
in the oven to melt paraffin. Do not embed the embryo too close to the bottom of 
the boat, because the top of the block will be needed for optimizing the ribbon 
during the early stages of sectioning before reaching the tissue. 
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10. Sectioning is difficult procedure to describe, so it is best to watch someone 
demonstrate these techniques.  
11. Embryos can be stored indefinitely in 1.6 M sucrose at 4ºC. 
12. Best results are obtained from proceeding immediately to embedding and 
sectioning after fixing in TFM, rather than storing. If embryos need to be stored, it 
is best to keep them in either 1x PBS at 4ºC or 1.6 M sucrose at 4ºC. 
13. TFM turns opaque white when it freezes. 
14.  One can section at a thickness greater than is desired for the tissue sections 
during this time in order to reach the embryo in less time, but remember to switch 
back to the correct thickness when the embryo is reached. Also, be sure to check 
that thinner sections do not tear or curl if the anti-roll plate is optimized with 
thicker sections.  
15. Sibling refers to an embryo from the same mating as the experimental embryos 
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